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Abstract

This dissertation presents magnetic domain imaging methods based on Berry curvature-
driven optical and magnetotransport responses. The goal is to investigate chiral anti-
ferromagnetic materials, which are ideal for spintronic applications. Major features of
antiferromagnets (AFs) are high speed dynamics and negligible stray fields that allow for
miniaturization. While the readout signal in collinear AFs, generally based on anisotropic
magnetoresistance, is not large enough for practical utilization, chiral noncollinear AFs
show strong optical and magnetotransport signals associated with the nontrivial topol-
ogy of their band structures. The optical responses include magnetic circular dichroism
(MCD) and magneto-optical Kerr effect. Similarly, magnetotransport responses based on
anomalous Nernst effect (ANE) or anomalous Hall effect are used to deduce magnetic
ordering in these materials.

In this work, spatially resolved MCD or ANE signals are measured to image magnetic
domains. Here, laser heating generates an electrical response based on these effects.
In the first step, we show that the MCD-based approach can image out-of-plane (OOP)
magnetized materials that show a large MCD signal. Next, we use ANE-based readout to
image magnetic domains in both the in-plane and the OOP ferromagnetic thin films with
nanoscale spatial resolution. The ANE signal is directly proportional to the magnetization
and a temperature gradient. For meaningful ANE-based imaging, it is crucial to know the
characteristics of this gradient. We deduce spatial distribution and the magnitude of the
nanoscale temperature gradient by studying a well-defined magnetic texture.

Finally, a manganese-based Weyl semimetal (Mn3Sn) exhibiting a noncollinear AF
ordering is studied. The hexagonal crystal structure of the compound hosts a Kagome
plane on which Mn atoms form an inverse triangular spin structure. A small net moment
in the Kagome planes that can couple to an external magnetic field allows the magnetic
ordering to be switched. The field-induced switching in Mn3Sn is observed with the
spatially resolved ANE measurements down to nanoscale regime. The observed results
are compared with the MOKE-based hysteresis measurements.
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Zusammenfassung

In dieser Dissertation werden Bildgebungsmethoden für magnetische Domänen vorge-
stellt, welche durch die Berry-Krümmung gesteuert werden können. Ziel ist es, chirale an-
tiferromagnetische Materialien zu untersuchen, die ideal für spintronische Anwendungen
sind. Hauptmerkmale von Antiferromagneten (AFs) sind die schnelle Dynamik und ver-
nachlässigbare Streufelder, die eine Miniaturisierung ermöglichen. Während das Ausle-
sesignal in kollinearen AFs, das im Allgemeinen auf dem anisotropen Magnetwiderstand
beruht, für die praktische Anwendung nicht groß genug ist, zeigen chirale nichtkollineare
AFs starke optische und magnetische Signale, die mit der nichttrivialen Topologie ih-
rer Bandstrukturen zusammenhängen. Zu den optischen Reaktionen gehören der magne-
tische Zirkulardichroismus (MCD) und der magneto-optische Kerr-Effekt. In ähnlicher
Weise werden Magnetotransportantworten, die auf dem anomalen Nernst-Effekt (ANE)
oder dem anomalen Hall-Effekt beruhen, verwendet, um die magnetische Ordnung in die-
sen Materialien abzuleiten.

In dieser Arbeit werden räumlich aufgelöste MCD- und ANE-Signale gemessen, um
magnetische Domänen abzubilden. Hier erzeugt die Laser-induzierte Erwärmung eine
elektrische Reaktion, die auf diesen Effekten beruht. In einem ersten Schritt zeigen wir,
dass der MCD-basierte Ansatz Domänen in Materialien abbilden kann, welche senkrecht
zur Ebene (OOP) magnetisiert sind. Als Nächstes verwenden wir die ANE-basierte De-
tektion, um magnetische Domänen in ferromagnetischen Dünnschichten sowohl in der
Ebene als auch senkrecht zur Ebene magnetisiert mit räumlicher Auflösung im Nanome-
terbereich abzubilden. Das ANE-Signal ist dabei direkt proportional zur Magnetisierung
und einem Temperaturgradienten. Für eine aussagekräftige ANE-basierte Bildgebung ist
es entscheidend, die Eigenschaften dieses Gradienten zu kennen. Wir leiten die räumliche
Verteilung und die Größe des Temperaturgradienten auf der Nanometerskala ab, indem
wir eine wohl definierte magnetische Textur untersuchen.

Abschließend wird ein Weyl-Halbmetall auf Manganbasis (Mn3Sn) untersucht, das ei-
ne nichtkollineare AF-Ordnung aufweist. Die hexagonale Kristallstruktur der Verbindung
beherbergt eine Kagome-Ebene, auf der Mn-Atome eine inverse dreieckige Spinstruktur
bilden. Ein kleines Nettomoment in den Kagome-Ebenen, das an ein äußeres Magnetfeld
koppeln kann, ermöglicht das Umschalten der magnetischen Ordnung. Das feldinduzierte
Umschalten in Mn3Sn wird mit räumlich aufgelösten ANE-Messungen bis in den Nano-
bereich hinein beobachtet. Die beobachteten Ergebnisse werden mit den MOKE-basierten
Hysteresemessungen verglichen.
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Chapter 0. Glossary

Terms

AF Antiferromagnet
AFM Atomic force microscope
AHE Anomalous Hall effect
AHC Anomalous Hall conductivity
AMR Anisotropic magneto resistance
ANE Anomalous Nernst effect
ANC Anomalous Nernst conductivity
BZ Brillouin zone
CMP Cluster multipole
COP Cluster octupole
DMI Dzyaloshinskii–Moriya interaction
FEM Finite element modelling
FM Ferromagnet
FWHM Full width at half maxima
IP In-plane
HDP Helicity-dependent photoconductivity
LED Light emitting diode
LCP Left circularly polarised
MCD Magnetic circular dichroism
MCA Magnetocrystalline anisotropy
MO Magneto-optical
MOKE Magneto-optical Kerr effect
MOOP Magnetic octupole order parameter
MRAM Magnetoresistive random-access memory
NA Numerical aperture
NCAF Non collinear antiferromagnet
NF-SANE Near-field SANE
PD Photo diode
PEEM Photo emission electron microscopy
PMA Perpendicular magneto anisotropy
PMMA Polymethyl methacrylate
RCP Right circularly polarised
SANE Scanning ANE
SHE Spin Hall effect
SNR Signal to noise ratio
SNOM Scanning near-field optical microscope
SOC Spin-orbit-coupling
SQUID Superconducting quantum interference device
OOP Out-of-plane
VSM Vibrating sample magnetometery
XMCD X-ray magnetic circular dichroism
XRD X-ray diffraction
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Chapter 1

Lead-in

Spin electronics aims to utilize the electron’s spin degree of freedom in data storage de-
vices. Doing so may improve storage capacity and the data processing speed beyond the
charge-based paradigm of metal-oxide-semiconductor technology [1, 2]. Traditionally,
ferromagnets (FMs) are used as key active elements whose magnetic states are employed
as bits. The miniaturization of such spintronic devices requires individual magnetic bit
units made of FMs to be densely packed. Here, the magnetic stray fields due to inter-
actions between neighboring bits are a major limitation for the packing density [3, 4].
An elegant solution that has been used since the very first spintronic sensors, as well as
in magnetic random access memories [5, 6], is a synthetic antiferromagnet [7, 8] formed
from thin ferromagnetic layers coupled via a thin metallic antiferromagnetic coupling
layer. Recently, there has been increased interest in utilizing innately antiferromagnetic
(AF) materials for spintronic applications [4, 9–12], which are free from stray fields.

Using AF materials in spintronic devices offers a number of advantages, including
miniaturization of the size of the bits down to the nanoscale [4], fast switching in the THz
regime [4, 13], and stability against environmental magnetic perturbations [14]. Being
able to switch the antiferromagnetic ordering and read the state electrically or optically
brings such devices closer towards technological realization. However, the readout sig-
nal associated with the magnetic states of AF is usually not large enough for practical
utilization in spintronic devices. While the magnetic state of a ferromagnet can be read-
ily detected by a strong Anomalous Hall effect (AHE) [15] based readout, AFs rely on
a much weaker anisotropic magnetoresistance (AMR) based response [4]. Imaging of
AF magnetic domains requires cumbersome synchrotron-based X-ray magnetic dichro-
ism techniques [16]. On the other hand, ferromagnetic domains can be easily imaged
using magneto-optical Kerr effect (MOKE) based optical microscopes. Alternately, new
kinds of AFs are explored, which show large readout signals related to their AF states.
Over the last decade, there has been significant development in the field of topological
materials [17, 18], including the discovery of chiral antiferromagnets [19–22].

In this dissertation, we discuss manganese-based Weyl semimetals of the type Mn3X
(X=Sn, Ge) that show noncollinear AF (NCAF) ordering. The hexagonal crystal structure
of these compounds hosts a Kagome plane on which antiferromagnetically coupled Mn
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Chapter 1. Lead-in

atoms are arranged on a triangular lattice. The triangular coplanar arrangement of Mn
moment on three lattice sites results in a negligible net moment, similar to collinear AFs.
The nontrivial topology of their band structure gives a large Berry curvature that acts
as a fictitious magnetic field [23]. As a result, they exhibit band structure-driven large
magnetotransport and optical responses. The readout signal based on these effects relates
to antiferromagnetic ordering. Therefore, it can be used to detect their magnetic state.
Thus, they are promising to show the combined advantage of FMs (large readout signal)
and AFs (negligible stray field).

Berry curvature-driven optical and magnetotransport responses in NCAFs include
anomalous Hall effect [24–29], anomalous Nernst effect (ANE) [30–34], MOKE [35–40],
and magnetic circular dichroism (MCD) effect [41, 42]. In order to detect the magnetic
state and imaging domain structures of novel topological antiferromagnetic materials, it is
imperative to develop measurement techniques based on Berry curvature-driven signals.
In this work, such methods based on the MCD and ANE effects are developed. The read-
out signal based on MCD or ANE can be generated by laser heating. The advantage of
laser heating is that it can be locally confined. The resultant readout signal, therefore, re-
lates to the local magnetic state in the region of confined laser heating. Spatially resolved
scanning measurements of such readout signals allow for magnetic domain imaging. A
laser heating underneath the focal spot of a scanning optical microscope is used to image
the magnetic domain with a spatial resolution of the laser beam focal spot size.

The size of the focal spot in the optical microscope is fundamentally limited by the
optical diffraction limit of λ/2NA, where λ is the laser wavelength, and NA is the numerical
aperture of the objective lens being used for focusing the laser beam [43, 44]. For typical
optical microscopes, this limit is a few hundred nanometers [45]. Generally, it is under-
stood that AFs exhibit domain structures at the sub-micrometer scale [35, 46]. In order
to understand their behavior (e.g., their response to magnetic fields and spin torques or
interaction with structural defects), imaging of the magnetic order with nanometer resolu-
tion is required, as it has been done with X-ray-based photoemission electron microscopy
(PEEM) [47–50]. However, PEEM is extremely surface sensitive. To improve the spatial
resolution beyond the diffraction-limited laser focal spot size, an enhanced optical near-
field scattered from a nanoscale-size object [51,52] is utilized. This is done by focusing a
laser beam on the apex of an atomic force microscope (AFM) tip. The resulting enhanced
optical near-field is confined to the apex of the tip, which has a diameter of a few nanome-
ters. Such an optical near-field provides laser heating that is confined to the nanoscale.

In the first step, we demonstrate that laser heating-induced MCD response can be
utilized to detect out-of-plane (OOP) magnetization. Here, MCD-driven differential ab-
sorption for left- and right-circularly polarized laser beams results in helicity-dependent
photoconductivity (HDP). By performing scanning HDP measurements, we image mag-
netic domains in a well-defined OOP-magnetized wire structure with a sub-micrometer
spatial resolution.
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Next, we study laser heating-induced temperature gradient that generates an ANE-
driven electrical response transverse to the magnetization and the temperature gradi-
ent [53]. This allows for deducing both in-plane (IP) and OOP magnetization because
the temperature gradient can be generated in and out-of-plane of the sample. Previously,
scanning ANE (SANE) measurements have been performed to image IP magnetization
with a spatial resolution of a few micrometers [54–57]. Extending the method to the opti-
cal near-field improves the spatial resolution to the nanoscale [58–61]. These experiments
rely on an ANE signal generated by the laser heating-induced OOP temperature gradient.
However, the spatial distribution of such a temperature gradient has not been studied yet,
but highly requested for a realistic understanding of SANE imaging. Moreover, the mag-
netic origin of observed contrast in the magnetic domain structures has not been verified.
We perform SANE imaging in IP-magnetized ferromagnetic thin films of CoFeB. To ver-
ify the magnetic origin of the observed contrast, the SANE images are compared with
those obtained by a standard magnetic imaging method based on the Kerr effect. Since
the ANE signal is directly proportional to the temperature gradient, we consider the in-
verse problem and deduce the temperature distribution by studying a well-known Landau
pattern surrounding a magnetic vortex core [62, 63].

The spatial nonuniform intensity distribution of the focused laser beam results in an IP
temperature gradient that can be used to probe OOP magnetization [56,61]. Finite element
modeling (FEM) simulations of the laser heating indicate that the IP temperature gradi-
ent’s magnitude is comparable to that of the OOP temperature gradient. Inspired by this
result, the optical near-field-based magnetic imaging is extended to visualize magnetic
domains in an OOP-magnetized racetrack nanowire. This demonstrates that the method
can be utilized to probe magnetization in OOP-magnetized samples with nanoscale spa-
tial resolution.

Finally, the SANE microscopy technique is used to study a thin film of Mn3Sn that
shows NCAF ordering. A magnetic field is applied along the different directions in the
Kagome plane of the hexagonal crystal structure. Field-inducing switching of the mag-
netic ordering is visualized with nanoscale spatial resolution. The switching observed by
the ANE method is further verified by the MOKE-based hysteresis measurements.

The thesis is divided into three parts. The first introductory part contains an intro-
duction, scientific background, and methods. The second part is focused on examining
different aspects of the two imaging techniques based on opto-electrical responses. This
is done by applying the imaging method to ferromagnets whose magnetic properties are
well understood. The final part discusses the ANE-based study of a NCAF Mn3Sn film.
These parts are further divided into eight Chapters, for which the outline is as follows:

• Chapter 2: A discussion on the scientific background required to understand NCAFs
and Berry curvature-driven optical and magnetotransport effect in NCAFs. Addi-
tionally, a brief discussion on various sample preparation techniques is presented.

5



Chapter 1. Lead-in

• Chapter 3: The technical details of the sample preparation, magnetic domain imag-
ing techniques, micro-magnetic, and COMSOL-based finite element modeling sim-
ulations.

• Chapter 4: MCD-driven HDP signal is used to probe magnetization in an OOP-
magnetized material. Studying a well-defined magnetic structure demonstrates the
reliability of the technique for imaging magnetic domain structures in PMA wire
structures.

• Chapter 5: A scanning optical microscope is utilized to create a laser heating-
induced temperature gradient. The magnitude and spatial distribution of the OOP
component of the temperature gradient are discussed. We show the magnetic origin
of laser heating-induced ANE signal and perform magnetic domain imaging by per-
forming spatially resolved measurements of such an ANE signal. The dependence
of the magnitude of the ANE signal on various measurement geometrical factors is
also discussed.

• Chapter 6: ANE-based magnetic domain imaging with an optical near-field is dis-
cussed. An enhanced optical-near field underneath a vibrating AFM tip is used to
create a nanoscale temperature gradient. This enables magnetic domain imaging
with nanoscale spatial resolution.

• Chapter 7: An analysis of the IP component of laser heating-induced temperature
gradient is presented. We show the utility of such an IP gradient for the magnetic
domain imaging of OOP magnetized material.

• Chapter 8: ANE-based study of Mn3Sn thin films.

6



Chapter 2

Scientific background

We discuss various aspects of optical and magnetotransport response in magnetic ma-
terials. The goal is to qualitatively understand that Berry curvature associated with the
nontrivial topology of the band structure can generate these responses. Two classes of
magnetic materials of interest are FMs and NCAFs, whose magnetic properties can be
described in terms of magnetic dipole and octupole moments, respectively. In the first
Section, magnetic multipoles and different magnetic interactions responsible for the var-
ious types of magnetic ordering are discussed. The second Section briefly summarises
three different classes of magnetic materials that were previously mentioned in the in-
troduction Section; here, the focus is on NCAFs. In the last two Sections, we discuss
the Berry curvature for the band structures and correlate optical and magnetotransport re-
sponse with it. We also define a magnetic order parameter that drives these responses in
NCAFs.

2.1 Magnetism

Magnetism is a class of physical attributes associated with magnetic fields. The magnetic
field is generated by moving charged particles, and it can be defined in terms of magnetic
multipoles, as we discuss in the next subsection.

2.1.1 Magnetic multipole

A moving electron having a finite current density j(r) produces a magnetic field (B) that
is given by the solution to the following Poisson equation:

∇
2A(r) =−4π

c
j(r) (2.1)

Where A(r) is the magnetic vector potential so that B is given by the curl of A(r): B =

∇×A(r). Consider a region of volume V that has a nonzero current density given by

7



Chapter 2. Scientific background

j(r′). We show the solution to equation (2.1) at r = rr̂ outside the volume V , which is
given by the following;

A(r) =
1
c

∫
V

j(r′)dr′

|r− r′|
(2.2)

Using the multipole expansion of 1
|r−r′| , we can express the vector potential as a sum of a

series of multipole potentials as follows:

A(r) =
1
c

∞

∑
p=0

p

∑
q=−p

4π

2p+1

(∫
V

r′pj(r′)Y ∗
pq(r̂)dr′

)
Ypq(r̂)
rp+1 (2.3)

=
∞

∑
p=0

p

∑
q=−p

√
4π

2p+1
Mpq

Ypq(r̂)
rp+1 (2.4)

Where Mpq is called the multipole moment of the order p, which is defined by the fol-
lowing:

Mpq =

√
4π

2p+1

∫
V

r′pj(r′)Y ∗
pq(r̂)dr′ (2.5)

We discuss a few orders of the multipole moments that are of interest for understanding
magnetism in FMs and NCAFs. The zeroth-order magnetic pole, as described by the
equation (2.5) simplifies to M00 ∝

∫
V j(r′)dr′ = 0, since the total current density in a

closed volume is zero. This result is famously known as the nonexistence of magnetic
mono-poles. The first nonzero order of the multipoles is known as a dipole, 2nd as a
quadrupole and 3rd as a magnetic octupole.

2.1.1.1 Magnetic dipole

The electrons in atoms undergo two types of motions: one around the nucleus, called
orbital motion, and the second is the electron’s spin around its own axis. These motions
give rise to magnetic moments that contribute to the magnetic field. The current density
associated with such motions is equivalent to a current in a loop. The magnetic field
produced by such a loop of current can be described in terms of a magnetic dipole (m),
which can be expressed as follows:

m = IAâ (2.6)

Where I is the current flowing in the loop, A is the area of the loop, and â is a unit vec-
tor normal to plane of the loop. The net magnetic moment of an electron is obtained by
adding orbital and spin magnetic moments, which are governed by laws of quantum me-
chanics . The magnetic moment of each electron is added to get net atomic moments. In
the majority of cases, the individual moments cancel out so that there is no net moment.
Some transition metal atoms possess a net moment on the atomic scale. Microscopically,
the magnetic property of a material is characterized by magnetization (M), which is an
average of all the atomic moments. The relative orientation of atomic moments deter-
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2.1. Magnetism

Figure 2.1: Schematic showing magnetic dipole moment of a current-carrying loop.

mines this average net moment, which depends on the type of magnetic interaction in the
compound. We briefly discuss a few interactions of interest in the next subsection.

2.1.2 Magnetic interactions

Magnetic interaction refers to the magnetic force between atomic moments. The interac-
tion energy depends on the angle between the net moment at each atom. The orientation
of the moments on the neighboring atoms with respect to one another is aligned in a way
to minimize the interaction energy.

2.1.2.1 Exchange interaction

The exchange describes inter-atomic Coulomb interaction in quantum mechanics. The
intra-atomic exchange governed by the Pauli principle determines the size of the atomic
moments. The long-range magnetic order is governed by inter-atomic exchange interac-
tion. While there are many sources for inter-atomic exchange interaction, the results can
be simplified in terms of an energy Hamiltonian that was formulated by Heisenberg in
1928; it can be expressed in the following mathematical form:

HHeisenberg =−λex ∑
i̸= j

mi ·m j (2.7)

Where λex is the exchange constant that quantifies the strength of the interaction, and mi

is the magnetic moment at the ith atom.

2.1.2.2 Dzyaloshinskii-Moriya interaction

Dzyaloshinskii-Moriya interaction (DMI), also known as the antisymmetric exchange
interaction, favors noncollinear alignment of the magnetic moment at the neighboring
atoms. This is in contrast to the exchange interaction that favors parallel or anti-parallel
alignment of the neighboring moments. The interaction was originally identified by Igor
Dzyaloshinskii in 1958 to explain the weak ferromagnetism in an antiferromagnetic iron-
oxide crystal. He showed that the weak ferromagnetism results from an antisymmetric
exchange originating from the canting of anti-parallelly aligned moments [64]. This anti-
symmetric exchange was attributed to the relativistic spin-lattice and the magnetic dipole
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moment interaction. Two years later, Toru Moriya derived Dzyaloshinskii’s antisym-
metric exchange interaction by extending Anderson theory of superexchange to include
spin-orbit-coupling (SOC). The energy Hamiltonian for the antisymmetric exchange is
expressed mathematically by the following equation:

H =−∑
i̸= j

Di j · (mi ×m j) (2.8)

Where Di j indicates the DMI interaction vector between the moments at the ith and jth

atoms. Its strength is quantified in terms of the magnitude of the DMI vector (Di j). In the
absence of any other interactions, the energy of the Hamiltonian given by equation (2.8) is
minimum for the orthogonal alignment of mi and m j. Thus, the DMI favors noncollinear
alignments, resulting in canting anti-parallelly aligned antiferromagnets.

2.1.2.3 Magnetocrystalline anisotropy

Magnetic anisotropy describes how the magnetic properties of a material are different
in one direction than in another. A special case of it is magnetocrystalline anisotropy
(MCA). It indicates that magnetizing the material along a specific direction ki is favored
due to a decrease of energy by magnetizing along ki. The corresponding Hamiltonian is
given by the following:

H = K ∑
i
(ki ·mi)

2 (2.9)

Where K determines the strength of the anisotropy and ki indicates the easy direction for
the moments at the ith atom.

2.1.2.4 Zeeman energy

Zeeman energy is the potential energy of a magnetized body in the presence of an applied
magnetic field [65]. In terms of the net magnetization (M) and the magnetic field H, the
Hamiltonian is given by,

H =−µ0M ·H (2.10)

The energy is minimum when the net moment is aligned parallel to the applied field. This
provides a handle to control the net magnetization of a material by an external magnetic
field.

2.2 Magnetic materials

The type of interactions in the material determines the long-range ordering of the atomic
moments. This is reflected in the strength of the material’s magnetization. We discuss a
few types of magnetic materials in the next subsection.
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2.2.1 Ferromagnets

Some transition elements such as Iron (Fe), cobalt (Co), Nickel (Ni), Boron (B) and their
alloys, for example, Permalloy (Fe80Ni20) and CoFeB (Co60Fe20B20) show a strong spon-
taneous magnetization in the absence of any magnetic field. This spontaneous magneti-
zation results from the long-range ordering of the atomic moments. A major contribution
to the energy Hamiltonian for a FM are the exchange and MCA. Therefore, their ordering
is determined by minimizing the energy of the following Hamiltonian:

H =−λex ∑
i̸= j

mi ·m j +K ∑
i
(ki ·mi)

2 (2.11)

A positive λex favors a parallel alignment of mi and m j; this implies that the moments
at each atom are aligned in the same direction. Assuming ki = k to be identical for each
atom, all the moments are in one direction determined by k. For PMA materials, the
remanent magnetization points out-of-plane of the sample, while it is orientated in the
plane of the sample for materials with in-plane anisotropy. Another anisotropy relevant
to the discussion in this thesis is the shape anisotropy or magnetic dipole anisotropy [66].
It results from a long-range dipole interaction. As a result, the net contribution is shape-
dependent. For rectangular-shaped microscale or nanoscale in-plane magnetized wire
structures, the alignment of the magnetization along the wire length is favored. A large
spontaneous magnetization in a FM allows its magnetic state to be manipulated by an
external magnetic field. This is because the moments align in the direction of the applied
field to minimize the Zeeman energy, and in the remanence, they reorient towards the
nearest magnetic easy direction.

2.2.2 Collinear antiferromagnets

Similar to FMs, the magnetic ordering in a collinear AF is primarily determined by ex-
change and MCA interactions as given by the Hamiltonian in equation (2.11). In contrast
to FMs, a negative λex for an AF favors the anti-parallel alignment of the moments at the
neighboring atoms. An AF consists of two equal but oppositely magnetized sub-lattices.
This results in zero net magnetization. A related class of magnetic ordering is a ferrimag-
net that has two unequal oppositely directed sub-lattices.

2.2.3 Noncollinear antiferromagnets

NCAF materials consist of coplanar, nonlinearly aligned magnetic sublattices. This the-
sis focuses on NCAFs of the type Mn3X (X = Sn, Ge). They exhibit a hexagonal crystal
structure with space group symmetry P63/mmc (Figure 2.2a). The projection of the struc-
ture on a-b plane can be viewed as a triangular arrangement of the Mn atoms forming a
Kagome plane (Figure 2.2b). Each plane contains a triangular tube of Mn lattices, each
lattice with a magnetic moment of ≈3 µB (µB denotes Bohr magnetron) [67]. The general-
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Figure 2.2: (a) A crystallographic unit cell illustrating the crystal structure of Mn3Sn. Mn and Sn
atoms located on two different planes at z=0 and z=1/2 are shown by different colours. (b) A top
view of the unit shell showing the arrangement of the Mn atoms in the kagome plane. The figure
is adopted from [27].

ized Hamiltonian describing the energy state of Mn3X is given by the following equation:

H =−λex ∑
i ̸= j

mi ·m j −∑
i ̸= j

Di j · (mi ×m j)+K∑
i
(ki ·mi)

2 (2.12)

Similar to collinear antiferromagnets, a negative exchange energy in Mn3X com-
pounds favors anti-parallel alignment of the Mn moments on adjacent lattices. However,
here, we have three Mn lattices. While the moments at the first two lattices can be aligned
anti-parallel, an anti-parallel alignment of the moments between the first and third lattices
would result in a parallel alignment of the moments between the second and third lattices
or vice versa. Thus, the collinear alignment is energetically unfavorable. This problem
is resolved by a noncollinear arrangement of Mn moments on the adjacent lattice sites so
that they are oriented at an angle of 120° with respect to one another (Figure 2.3a). Such
a magnetic ordering is referred to as noncollinear antiferromagnetism.

The DMI interaction determines chirality in a NCAF. Here, the chirality is defined
by the sense of rotation of the Mn moment as one hops in a clockwise direction from
one Mn lattice site to another. A positive value of the DMI constant Dij stabilizes an
inverse spin triangular structure in Mn3X below the Néel temperature of ≈420 K [67,68].
This means that hoping clockwise, for example, moving from atom 1 to atom 3 in Figure
2.3b would show 120° rotation of the Mn moment in the counter-clockwise direction (see
the right panel in Figure 2.3b). In the absence of any other interactions, the magnetic
moments of the Mn atoms form a perfect 120° triangular ordering that would result in
a zero net moment. The single-ion-anisotropy, which is very small relative to the other
two interactions, leads to a canting of the Mn moments, causing Mn moments to slightly
bend in the kagome plane from their ideal 120° orientation (Figure 2.3c). This results in
a small net moment of approximately 0.002 µB per formula unit in the Kagome plane.
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Figure 2.3: (a) Noncollinear alignment of the Mn atom’s spin in the kagome plane. (b) Illustration
of the inverse triangular spin arrangement. (c) Schematic showing the net moment (blue arrow)
resulting from the canting of the Mn atom’s spin.

The tiny net moment that can be coupled to an external applied magnetic field pro-
vides a handle to control the magnetic ordering. This is because, in the presence of an
external field, the Mn moments would coherently rotate to align the net moment in the
direction of the applied field (Figure 2.4a). This was shown by polarized-neutron diffrac-
tion experiments, where the inverse spin triangular structure of Mn3X was shown to rotate
following the applied magnetic field in the c-plane [68, 69]. In the absence of an external
magnetic field, the magnetic ordering is determined by minimizing the energy given by
the equation (2.12). It has been shown that the minimal energy state is six-fold degen-
erate [70] (Figure 2.4b). These six states correspond to the net moment pointing along
the six different

〈
2̄1̄10

〉
directions of Mn3X. Thus, six remanent states are expected for

Mn3X, designated as MS1±, MS2±, and MS3± (Figure 2.4c). Each such state possesses
a net tiny moment lying in the Kagome plane, whose direction varies from one state to
another.

Figure 2.4: (a) Illustration of coherent rotation of Mn sub-lattices spins following an applied mag-
netic field. (b) The energy profile for the Hamiltonian, as given by equation (2.12) as a function
of the angle of the net moment. (c) Direction of the net moment for six energetically degenerate
ground states of Mn3Sn.
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2.3 Berry curvature-driven readout in a ferromagnet

Owing to a large stray field, the magnetic state of a ferromagnet can be readily detected
by several experimental techniques, such as vibrating sample magnetometry (VSM) [71],
and superconducting quantum interference device (SQUID) [72]. These techniques rely
on a readout signal that scales with the stray field. Their magnetic domains are easily
imaged with Kerr-based optical microscopes. In electrical devices consisting of a FM, the
magnetic state can be detected with an electric signal based on magnetotransport response
such as ANE and AHE. Some of these responses, such as MOKE, ANE, and AHE, are
associated with the band structure. It can be quantified in terms of the Berry curvature
of the band structure that acts as a fictitious magnetic field. Since the berry curvature
relates to the magnetization, these responses can be used to probe the magnetic state of
a material. In the next subsections, we discuss Berry curvature and qualitatively explain
the origin of Berry curvature-driven optical and magnetotransport response.

2.3.1 Berry phase and Berry curvature

Berry phase refers to a geometrical phase acquired by the wave function of a quantum
object under an adiabatic transformation. Consider a quantum system with a Hamiltonian
H[R, P]. Where R = (R1,R2,R3,R4, ...) are the degrees of freedom for the quantum sys-
tem such as position (x,y,z) and momentum (qx,qy,qz) etc. and P= (P1,P2,P3,P4, ...) are
the set of external parameters on which the Hamiltonian is dependent. For example, when
an electron is placed in a magnetic field (B), its Hamiltonian is B ·σ , where σ denotes
vector Pauli matrices. In this case, the components of the field Bx,By, and Bz are such
external parameters. We define (ψ1(R,P),ψ2(R,P),ψ3(R,P), ...) to be the Hamiltonian
eigenstate with the eigenvalues (E1(P),E2(P),E3(P), ...). We determine how a particular
eigenstate ψn(R,P) evolves when P undergoes a periodic adiabatic transformation so that
P(t = 0) =P(t = T ). The transformation is considered to be adiabatic if the rate of change
of P is much smaller than E2−E1

h̄ . It can be shown that such adiabatic transformation of P
in a close path (C) imparts a phase shift apart from the dynamical phase factor,

ψ
n(P(t = T )) = e−

i
h̄
∫ T

0 dt ′En(t ′)eiγn
(C)ψn(P(t = 0)) (2.13)

The phase factor γn(C) is referred to as the Berry phase and is given by the following:

γ
n(C) = i

∮
C

dP.⟨ψn|∇P |ψn⟩ (2.14)

Here, the integration and the gradient (∇P) are performed in parameter space P. The
integration is carried out over the closed path C, through which the parameter vector P
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is transformed. Therefore, the Berry phase is dependent on C. The path integral in the
equation (2.14) can be expressed in surface integral as follows:

γ
n(C) = i

∮
C

dP.⟨ψn|∇P |ψn⟩

=
∮

C
dP.An(P)

=
{

SC

dS.∇×An(P)

=
{

SC

dS.Ωn(P)

Where Ωn(P) = i∇×An(P) = i∇× ⟨ψn|∇P |ψn⟩ is called the Berry-curvature. It is a
vector in the parameter space P. We compute a component of it (Ωn

uv) along the normal to
the plane Pu −Pv,

Ω
n
uv = δPuAn

v −δPvA
n
u

= iδPu ⟨ψn|δPv |ψn⟩− iδPv ⟨ψn|δPu |ψn⟩

The above equation can be solved to present Ωn
uv in the following alternative form:

Ω
n
uv = Im ∑

m ̸=n

⟨ψn|δPuH(P) |ψm⟩×⟨ψm|δPvH(P) |ψn⟩
(En −Em)2 (2.15)

2.3.2 Anomalous Hall effect

The Hall effect was described by Edwin Hall in 1879 [73]; it describes the transverse
resistivity of a nonferromagnetic electric conductor placed in an external magnetic field
(B). Due to the Lorentz force acting on the charge carrier, they deflect in the direction
transverse to the applied magnetic field and the current direction. This results in a poten-
tial difference (voltage signal) that is proportional to the field strength B. In ferromagnetic
materials, a transverse voltage signal is observed in the absence of any external magnetic
field that relates to the magnetization (M) of the sample. This phenomenon is referred
to as the the anomalous Hall effect. Accounting for AHE, the Hall resistivity can be
expressed as ρHall

xy = R0B+R1M. Where R0 and R1 are ordinary and anomalous Hall co-
efficients, respectively. It was observed that R1 >> R0 [74]. Therefore, the AHE can not
be explained by the Lorentz force due to the effective magnetization-induced magnetic
field. Nevertheless, similar to the ordinary Hall effect, AHE stems from the deflection
of the electrons in one direction when a charge current passes through a conducting ma-
terial. The sources of such deflections are different in different material systems that
exhibit AHE. A lot of insight into the source of such deflection in ferromagnets can be
gained from a semi-classical transport theory that we describe in the next subsection.
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2.3.2.1 Semi-classical transport theory

We discuss a semi-classical theory for the velocity of the electron transverse to an elec-
tric field and the magnetization; it helps us to understand the role of the Berry curvature
in anomalous Hall conductivity (AHC). The AHE theory pioneered by Karplus and Lut-
tinger in 1954 shows that spin splitting of bands in a ferromagnetic material together with
the spin-orbital-coupling (SOC) can give rise to AHC [75]. For an electron in the periodic
crystal, the Hamiltonian depends on the wave vector in the momentum space(k). As the
electron traverses through the periodic lattice potential, its Hamiltonian can be thought
of as undergoing adiabatic transformation through a closed path (Brillouin zone) in the
momentum space parameters. Thus, it acquires a Berry phase as follows:

γ
n(k) = i

∮
BZ

dk.
〈

ψ
n,k
∣∣∣∇k

∣∣∣ψn,k
〉

(2.16)

Where
∣∣ψn,k〉 is the bloch wave function. The corresponding Berry curvature is,

Ω
n(k) = i∇k ×

〈
ψ

n,k
∣∣∣∇k

∣∣∣ψn,k
〉

(2.17)

Under the adiabatic transformation of H through k, an electron in an energy band n
remains in the state

∣∣ψn,k〉. The wave vector k and position evolve in time according to
semi-classical equations of motion [76] as follows:

h̄k̇ =−e(E+ ṙ×B) (2.18)

h̄ṙ = ∇kEn − h̄k̇×Ω
n (2.19)

For the consideration of AHE, we set B = 0. Substituting equation (2.18) into equation
(2.19) gives,

h̄ṙ = ∇kEn − eE×Ω
n (2.20)

Equation (2.20) shows that the velocity of the electron (ṙ) has a second term dependent
on the electric field and the Berry curvature. This term is analogous to the Lorentz force
acting on an electron in the presence of an electric field and a magnetic field. Here, the
Berry curvature replaces the magnetic field. Thus, the Berry curvature acts as a fictitious
magnetic field. It imparts the electron a velocity in the direction transverse to the applied
current (∝ E) (see equation (2.20), providing an anomalous Hall conductivity. This simple
analysis based on the semi-classical approach shows that the Berry curvature of the band
structure gives an intrinsic contribution to AHC. We show this more explicitly with the
Kubo formalism in the next subsection.

2.3.2.2 Kubo formula

The Kubo formula describes the linear response of an observable to a time-dependent per-
turbation [77,78]. Consider an electron in the eigenstate

∣∣ψn,k〉 of the Block Hamiltonian
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H. In the absence of any electric field, the average current is zero:
〈
ψn,k∣∣J

∣∣ψn,k〉 = 0.
Applying a current in x-direction adds a perturbation ∆H =−J ·A to H. Where A = δtE,
and E is the electric field due to the applied current. We determine the effect of ∆H on
the current in y-direction

〈
ψn,k∣∣Jy

∣∣ψn,k〉. Using the Kubo formula, we can deduce the
following [15]:

< Jy >=
〈

ψ
n,k

∣∣∣Jy

∣∣∣ψn,k
〉
= e2h̄ · Im ∑

m ̸=n

〈
ψn,k∣∣vx(k)

∣∣ψm,k〉×〈
ψm,k∣∣vy(k)

∣∣ψn,k〉
(En −Em)2 Ex

Thus, the Hall conductivity σxy =
<Jy>

Ex
can be expressed as following:

σxy = e2h̄ · Im ∑
m ̸=n

〈
ψn,k∣∣vx(k)

∣∣ψm,k〉×〈
ψm,k∣∣vy(k)

∣∣ψn,k〉
(En −Em)2 (2.21)

Where the velocity operator v(k) is defined by v(k) = 1
ih̄ [r,H(k)] = 1

h̄∇kH(k). Substitut-
ing this into equation (2.21) gives the following:

σxy =
e2

h̄
· Im ∑

m̸=n

〈
ψn,k∣∣∇kxH(k)

∣∣ψm,k〉×〈
ψm,k∣∣∇kxH(k)

∣∣ψn,k〉
(En −Em)2 (2.22)

The summation term in equation (2.22) is the same as the Berry curvature (Ωkx,ky) given
by equation (2.15) in the momentum space k. This simplifies equation (2.21),

σxy =
e2

h̄
Ωkx,ky (2.23)

Accounting for all the bands n and k vector, the total contribution to the AHC is given by
the following equation:

σxy =
e2

h̄ ∑
n

∫
BZ

dk
(2π)3 f (En,k)Ωn

kx,ky
(k) (2.24)

Where f is energy density function.

2.3.3 Anomalous Nernst effect

The Nernst effect is a thermal analog of the Hall effect. Nernst and Ettingshausen dis-
covered in 1886 that applying a temperature gradient in bismuth transverse to an applied
magnetic field gives a voltage in the direction perpendicular to both the field and the gra-
dient [79]. Here, the thermal current due to the temperature gradient works analogously
to the applied electrical current in the case of the Hall effect. As discussed in the previ-
ous subsection, the materials with a nonzero Berry curvature possess a fictitious magnetic
field. Therefore, they exhibit the Nernst effect in the absence of any applied magnetic
field [80–85]. This phenomenon is referred to as anomalous Nernst effect. However, the
dependence of the anomalous Nernst conductivity (ANC) on the Berry curvature is not
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the same as that of AHC [86–88]. The ANC (αxy) is related to AHC by the following
equation:

αxy =−1
e

∫
∂ f
∂ µ

σxy(ε)
ε −µ

T
(2.25)

Where f = 1
exp( ε−µ

kBT )+1
is the Fermi distribution function, and µ is the chemical potential.

This shows a nontrivial relation between the two, and the presence of AHC in a material
does not imply the same for the ANC. Following the Boltzmann transport theory, a simpler
relation arises in the lower temperature regime as follows:

αxy =−
π2k2

BT
3e

dσxy

dε

∣∣∣∣
ε=µ

(2.26)

In the low-temperature regime, the ANC is proportional to the derivative of AHC at the
Fermi level. Importantly, the equation (2.25) and (2.26) pronounce that ANC depends of
the Berry curvature Ωkx,ky through the dependence of σx,y on Ωkx,ky by equation (2.24).
Thus, Ωkx,ky has a key role in the anomalous Nernst response.

2.3.4 Magneto-optical effects

The magneto-optical (MO) effects refer to the phenomena in which an electromagnetic
wave propagating through a magnetic material is altered [89]. It originates from the dif-
ferential dielectric permittivity for the left and right circularly polarized lights. Depending
upon the measurement geometry and the observable being measured, the phenomena is
known in terms of three major MO effects. The rotation of the plane of polarization of
the light after transmitting through a magnetic medium is referred to as the Faraday ef-
fect [90]. The other two MO effects, which are the subject of discussion in this thesis, are
the Kerr and the magnetic circular dichroism effects. In the Kerr effect, the ellipticity and
polarization angle of light reflected from a magnetized material are modified. The MCD
effect results in a differential absorption of the left-circularly-polarized (LCP) and right-
circularly-polarized (RCP) light that relates to the magnetization of the material. Here,
we briefly discuss the origin of these MO effects.

The electric displacement vector D in a magnetic medium relates to the dielectric
permeability tensor (ε(M)) and the electric field of the propagating electromagnetic wave
as follows: Dx

Dy

Dz

= ε0ε(M).E = ε0

 εxx εxy 0
−εxy εyy 0

0 0 εzz


Ex

Ey

Ez

 (2.27)

Where ε0 is the dielectric permeability in a vacuum. We consider a plane electromagnetic
wave propagating in z-direction. They are characterized by the following forms of the
electric and magnetic fields:

E = (Exx̂+Eyŷ)expi(k.r−ωt) (2.28)
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H = H0expi(k.r−ωt) (2.29)

Solving Maxwell’s equations for the above form of E and H gives the following relation
between the wave propagation vector k and E:

(k.E)k− k2E+ ε0µ0ω
2
ε.E = 0 (2.30)

This can be written in the matrix form as follows:k2/k2
0 − εxx −εxy 0
εxy k2/k2

0 − εxx 0
0 0 k2/k2

0 − εzz


Ex

Ey

0

= 0 (2.31)

Where k2
0 = ε0µ0ω2 and k is the magnitude of the wave propagation vector k. The nor-

mal mode solutions are the nontrivial solution of equation (2.31). They are given by the
following equations:

k2
± = k2

0(εxx ± iεxy) (2.32)

Ey =±iEx (2.33)

These two solutions, given by equation (2.33) describe a LCP and RCP light with wave
propagation vector given by equation (2.32). In a magnetic material, the off-diagonal
component (εxy) of the dielectric permeability tensor is nonzero. This gives a complex
value of k± that results in MO effects.

2.3.4.1 Kerr effect

A linearly polarized light reflected from a magnetized material undergoes rotation of the
polarization by an angle θK and acquires ellipticity (ηK) due to the Kerr effect. We con-
sider an incident light polarized along the x-direction (E = (E0,0,0)). It can be written as
a linear summation of LCP and RCP lights, for which we have already deduced k. Using
the Fresnel equation, the reflection coefficient for LCP (r−) and RCP (r+)can be calcu-
lated as follows:

r± =

k±
k0
−1

k±
k0
+1

=

√
εxx ± iεxy −1√
εxx ± iεxy +1

(2.34)

The incident Ein = E0x̂ can be expressed in terms of a LCP (E−) and a RCP (E+) light as
follows:

Ein =
E0x̂+ iE0ŷ

2
+

E0x̂− iE0ŷ
2

= E−+E+ (2.35)

The reflected light is described by Eref,

Eref = r−E−+ r+E+ =
r++ r−

2
E0x̂− i

r+− r−
2

E0ŷ (2.36)

The polarization of the reflected light is rotated by a complex angle φK = i r+−r−
r++r−

, implying
an elliptical polarization. θK specifies the angle of the ellipse’s major axis with respect to
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Ein, and the ellipticity ηK is defined as the ratio of ellipse’s major and minor axes. They
can be calculated in terms of εxy as follows:

θK =−Im
k+k0 − k−k0

k+k−− k2
0

(2.37)

ηK = Re
k+k0 − k−k0

k+k−− k2
0

(2.38)

They are dependent on εxy through the dependence of k± on εxy given by equation (2.32).

2.3.4.2 Magnetic circular dichroism

The intensity of light is attenuated due to absorption as it traverses through a magnetic
material. Due to the difference in wave propagation vector amplitude k+ and k− for RCP
and LCP lights, they are attenuated to a different extent. Thus, the absorption is different
for RCP and LCP lights. This difference depends on k+− k− that relates to εxy.

2.3.4.3 Magneto-optical conductivity

Similar to AHC, Magneto-optical conductivity can be expressed in terms of the band
structure properties using the Kubo formula. It is given by the following equation [91,92]:

σ
MO
xy = h̄e2

∫
BZ

dk
(2π)3 ∑

m ̸=n
( f n,k− f m,k)×Im

〈
ψn,k∣∣∇kxH(k)

∣∣ψm,k〉×〈
ψm,k∣∣∇kxH(k)

∣∣ψn,k〉
(En −Em)2 − (h̄ω + iη)2

(2.39)
Where f is the Fermi distribution, andη is an adjustable smearing parameter. The com-
plex Kerr rotation angle for a normal Polar Kerr geometry relates to σMO

xy as follows:

θK + iηK =−
σMO

xy

σMO
xx

√
1+ i(4π/ω)σMO

xx
(2.40)

This shows that the Kerr response relates to the band structure. Therefore, a large MOKE
response can be expected from the magnetic materials with a nontrivial topology of the
band structure.

2.4 Electrical and optical readout in noncollinear antiferromagnets

The tiny net moment in a NCAF results in small readout signals in stray field-based mea-
surement techniques such as VSM and SQUID. The magnetic states of NCAF are probed
by large optical and magnetotransport responses generated by the off-diagonal component
of the Berry curvature associated with the nontrivial topology of their band structure. Un-
like FMs, the magnitude of large optical and magnetotransport responses in NCAFs is not
justified by their tiny net magnetization. Instead, these responses emerge from the Berry
curvature that relates to their AF ordering. Similar to FMs, where the net magnetization
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is a macroscopic parameter, we find an equivalent parameter describing the optical and
magnetotransport properties of NCAFs.

2.4.1 Cluster multipole moments

The inverse triangular arrangement of the spin texture in Mn3Sn is regarded as a ferroic
order consisting of clusters of magnetic octupole moments. Mn3Sn contains two clusters
of Mn atoms that determine its magnetic properties. In terms of magnetic dipole moment
at the ith sub-lattice (mi), pth order multipole given by equation (2.5) can be expressed as
follows:

Mi
pq =

√
4π

2p+1
mi ·∇i(r

p
i Y ∗

pq(r̂i)). (2.41)

For the octupole moments, p = 3 and q = {−3,−2,−1,0,1,2,3}. The total contribution
of each sub-lattice to the µ th cluster octupole moment (COM) is given by summing the
contribution from all the sub-lattices in the cluster (Figure 2.5),

Mµ

3q =
6

∑
i=1

Mi
3q (2.42)

The macroscopic contribution of the cluster octupole moment (M3q) is defined by sum-
ming the contribution from both clusters (Figure 2.5),

M3q =
1

2V

2

∑
µ=1

Mµ

3q (2.43)

Assuming the Mn moments to be identical at each sub-lattice, the magnitude of the COM
is shown to be proportional to the moment of the Mn atoms [93]. For Mn moment of 3µB,
its magnitude is ≈ 25Å2µB [93].

Figure 2.5: Clusters of magnetic atoms that contribute to the magnetic octupole moment. The
figure is adopted from [93].
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2.4.2 Magnetic octupole order parameter

Optical and magnetotransport responses of a NCAF are dependent on the magnitude and
direction of COM (M3q) as defined in the previous subsection. For Mn3Sn with COM
magnitude of ≈ 25 Å2µB, AHC is theoretically predicted to be 200 S/cm, which is com-
parable to the AHC of the bcc Fe [93]. Moreover, the irreducible magnetic space group
for MS1+ with the net moment pointing along +x̂ is the same as that for a FM with the
magnetization pointing along +x̂ [93]. Therefore, their optical and magnetotransport re-
sponses are expected to be identical to that of a FM magnetized along +x̂. Based on
these, we define a magnetic octupole order parameter (MOOP) for NCAFs. We denote it
by the same symbol, M, as that of magnetization. Its direction is the same as that of the
net moment. However, its magnitude is to be calculated using equation (2.43).

Figure 2.6: Magnetic octupole order parameter for NCAFs.
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Methods

This Chapter discusses details of the sample preparation, opto-electrical measurement se-
tups, and simulations. As highlighted in the introductory Chapter 1, the thesis aims to
develop opto-electrical methods to visualize the magnetic states of chiral antiferromag-
nets; emphasis has been placed on these measurement methods. Standard FM and NCAF
materials are used for which the growth conditions had previously been optimized. There-
fore, only a brief discussion about sample preparation and device fabrication is provided.
The first two Sections briefly mention thin film deposition parameters and device fabri-
cation details. The third Section is devoted to the technical details of the opto-electrical
measurements that rely on laser heating. In the next Section, we discuss the model for
heating produced by the absorption of the laser beam and the technical details of the
COMSOL simulations for laser heating. The last two Sections contain brief details of
micromagnetic simulations and XRD measurements.

3.1 Film deposition

All the thin films utilized for the measurements in this thesis were deposited using the dc-
magnetron sputtering technique. This is a widely used deposition technique for research
and industrial use due to its flexibility, speed, and efficiency in depositing multilayer films.
The deposition procedure involves removing atoms from a target material, a 1 to 3-inch
wide round disc structure made of elemental metals or alloys. The atom removal is done
by bombarding the target with the ions of a working gas (usually Ar). Ionization of the gas
is achieved by applying a d.c. voltage between the anode at the substrate and the cathode
at the target. A magnetron-based source consisting of several permanent magnets placed
behind the target helps to trap the Ar ion close to the target. The deposition chamber
is evacuated to an ultrahigh vacuum at a base pressure on the order of 1 × 10−9 mbar
before the deposition to remove the contamination from the chamber. Subsequently, Ar
gas is released into the chamber using a mass flow controller; this increases the chamber
pressure to the process Ar gas pressure on the order of 1 × 10−3 mbar. In the presence
of the flowing Ar gas, a d.c. voltage between the cathode and the anode generates the
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plasma that injects the film particulate from the target to the substrate. A schematic of
this process is shown in Figure 3.1.

Figure 3.1: Schematic illustration of the magnetron sputtering process adopted from [94].

The deposition of the films used in the thesis was performed by four different peo-
ple and three different home-made deposition systems were utilized. Ferromagnetic films
with perpendicular magnetic anisotropy (PMA) were deposited at the Max Planck In-
stitute of Microstructure Physics (MPI), Halle, using a Multi-source Atomic engineered
Next Generation allOys and compounds (MANGO) system. Dr Binoy Krishna Hazra
deposited the film used for the HDP measurements, and Dr Jiho Yoon made the PMA
sample for the racetrack nanowire. I deposited the IP-magnetized films of CoFeB at
Martin Luther University, Halle. We obtained the noncollinear antiferromagnet film of
Mn3Sn from MPI for Chemical Physics of Solids, Dresden. This sample was prepared by
Dr Edouard Lesne and followed a recipe similar to the sample discussed in reference [55].
An additional Mn3Sn sample discussed in Appendix B2 was deposited in the MANGO
system by Prajwal Rigvedi at MPI, Halle. The samples are assigned an ID, as listed in
Table 3.1.

Table 3.1: Sample IDs for the different kinds of prepared samples

Sample ID Used for Substrate Layer structure Capping layer

PMA1
HDP measurements

in Chapter 4
MgO (001)

Pt/Co/Ni/Co
(30/3/7/3 Å)

TaN (3 nm)

CoFeB
ANE measurements

in Chapters 5&6
MgO (001) Co60Fe20B20 Au (2 nm)

PMA2
ANE measurements

in Chapter 7
Al2O3 (001)

TaN/Pt/(Co/Ni/Co)3Co
(50/12/(3/7/2)/2 Å)

TaN (3 nm)

NCAF1
Studying a NCAF

in Chapter 8
MgO (111)

Ru/Mn3Sn
(3/60 nm)

Si (5 nm)

NCAF2 Appendix B Al2O3 (001)
Ru/Mn3Sn/MgO

(4/60/3 nm)
TaN (3 nm)

The deposition parameters of the films are mentioned in Table 3.2.
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3.2. Device fabrication

Table 3.2: Deposition parameters of the sputter-deposited thin films

Sample
ID Layer

Deposition
rate
(Å/s)

Deposition
temperature

(°C)

Annealing
temperature

(°C)

Process Ar
gas

pressure
(10−3 mbar)

Base
pressure

(10−9 mbar)

PMA1 Pt 0.82
room

temperature
(RT)

NA 3 1

PMA1 Co 0.21 RT NA 3 1
PMA1 Ni 0.22 RT NA 3 1
PMA1 TaN 0.17 RT NA 3 1
PMA2 Pt 0.75 RT NA 3 3
PMA2 Co 0.25 RT NA 3 3
PMA2 Ni 0.3 RT NA 3 3
PMA2 TaN 0.2 RT NA 3 3
CoFeB CoFeB 0.1 RT NA 4.5 30
CoFeB Au 0.3 RT NA 4.5 30
NCAF1 Ru 0.32 500 430 4 4
NCAF1 Mn3Sn 0.68 RT 430 4 4
NCAF1 Si 0.1 RT 430 4 4
NCAF2 Ru 0.2 500 430 3 1
NCAF2 Mn3Sn 0.3 RT 430 3 1
NCAF2 TaN 0.16 RT 430 3 1

3.2 Device fabrication

The sputter-deposited thin films were shaped into device structures by lithography in com-
bination with the lift-off or dry etching processes. The device structures were defined us-
ing a resist that was exposed to either an electron beam (E-beam) or an UV light beam in a
scanning fashion. The choice was made based on the length of the smallest feature in the
device structure. The smallest feature writable by the focused UV laser beam is limited
by its spot size, which is given by the Rayleigh criteria (0.61λ

β
) [95]. Where λ = 375nm

is the wavelength of the UV laser beam, and β is the semi-angle of light collected by
the lens. Typically, β ≈ 0.5 so that the spot size is on the order of 500 nm. Technical
limitations further increase the smallest writable feature to 2.5 times the Rayleigh criteria
limit (≈1 µm). We used a UV laser beam to write the structures larger than one microm-
eter. For the smaller structures, we used an E-beam that has a smaller spot size due to the
smaller wavelength.

A thin film (a few hundred nanometers) of polymethyl methacrylate (PMMA) based
positive resist was coated on the substrate for the lift-off process. Here, the positive resist
infers that a developer can not dissolve it. Exposing the resist in the region of interest to
an E-beam or an UV laser beam alters the chemical properties of the resist in the exposed
region. This allows the selective removal of the resist from the exposed area by washing
the sample in the developer. Subsequently, the film of magnetic materials is deposited by
sputtering. The film sticks directly to the substrate in the exposed regions with no resist.
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In the unexposed regions, the film is deposited on the resist. Post deposition, washing
the substrate with acetone removes the film together with the resist so that the film of the
magnetic materials is left only in the exposed region.

Figure 3.2: Schematic showing major steps involved for the device fabrication by the lift-off
process.

For the etching process, we first deposit the film of magnetic materials by sputtering
and then coat it with a negative resist. Negative resist implies that it can be dissolved
by the developer. Here also, the region of interest is exposed to an E-beam or an UV
laser beam. The change in the chemical property in the exposed region doesn’t let it get
dissolved by the developer. This allows the selective retention of the resist in the exposed
region. Subsequently, the film is bombarded by Ar plasma for the ion milling etching
procedure. This process removes the magnetic material in all areas except the exposed
region, which the resist protects. After the etching procedure, we wash the sample with
acetone that removes the resist, and we are left with the magnetic materials in the exposed
region.

Figure 3.3: Illustration of the device fabrication following the etching process.

All the devices consisting of PMA ferromagnetic films were prepared by an E-beam
lithography and etching procedure. Dr Saban Tripancy at Martin Luther University, Halle
fabricated the sample for HDP measurements (PMA1), and the PMA sample for the ANE
measurements (PMA2) was fabricated by Dr Jiho Yoon at MPI, Halle. The CoFeB de-
vice structures were made using lithography and lift-off processes. The devices contain-
ing smaller structures (< 1µm) were defined by an E-beam lithography by me at Martin
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3.2. Device fabrication

Luther University, Halle, and devices with larger structures were made by Jitul Deka at
MPI, Halle by the means of an UV laser beam. All the Mn3Sn devices were patterned
using lithography and etching procedures. Jitul Deka prepared larger devices with an UV
laser beam, and Dr Jiho Yoon utilized an E-beam for the nanowires.
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3.3 Opto-electrical measurements

This Section discusses experimental setups built for carrying out magnetic domain imag-
ing measurements. We measure Berry curvature-driven optical or magnetotransport signal
in response to laser-induced heating. The technical aspects of the two methods relying on
HDP and ANE signals are described here. The scientific background of these signals and
the exemplary measurements are discussed in Chapters 4-8.

3.3.1 Helicity-dependent photoconductivity

First, we discuss the method based on an optical signal for imaging magnetic domain
structure. Specifically, we chose the MCD effect, which refers to a differential absorp-
tion for LCP and RCP lights. To measure such a signal, we illuminate the sample with a
circularly polarized laser beam whose helicity is modulated. The differential absorption
is measured electrically in terms of a HDP voltage. Thus, the magnetic domain imaging
based on HDP measurements discussed in Chapter 4 requires a helicity-modulated cir-
cularly polarized laser beam. For this, a linear polarizer and a photo-elastic modulator
(PEM) have been used to modulate the polarisation of a laser beam with a wavelength of
532 nm. We briefly discuss the PEM in the next subsection.

Figure 3.4: The optical head of the PEM is illuminated with a linearly polarized laser beam. After
passing through the PEM, the phase of the x-component of the electric field is retarded by an
amplitude A.
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3.3.1.1 Photo-elastic modulator

We employ a commercially available PEM from Hinds Instruments Inc. (model number:
E-310-c). The device consists of a rectangular slab of a resonant optical element with a
natural oscillation frequency of f = 50kHz (Figure 3.4). A transducer is attached to the
optical element that causes vibration through stretching and compression. The resulting
strain leads to birefringence due to the photo-elastic effect [96]. Meaning that the phase
of the electric field along the PEM axis (here, x-axis) is retarded by an amplitude of A,
which is modulated at the PEM vibration frequency f = 50kHz. A retardation amplitude
of A = 90◦ converts incident linearly polarized (at 45° with respect to the PEM axis) light
into a circularly polarized state. Modulation of the retardation amplitude between −90°
and 90° results in polarisation modulation between the LCP and RCP states. We note that
the standing wave generated for the vibration provides spatially nonuniform strain across
the length of the PEM optical element due to the sinusoidal profile of the wave. Thus,
the retardation amplitude also varies across the PEM axis. We use ≈10 mm wide center
region, where the amplitude is maximum and the variation is small (see Figure 3.4).

Figure 3.5: Schematic representation of the setup utilized for the spatially resolved HDP mea-
surements. The figure is adopted from the original graphics created by Chris Koerner for our
publication [97].

3.3.1.2 Scanning HDP measurement setup

HDP setup consists of a helicity-modulated laser beam, as described above. We use a
laser source from Laser Quantum (Torus 532) that could generate a laser beam with a
wavelength of 532 nm and with a power of up to 1 W. After passing through the PEM, the
laser beam is focused on the sample using an objective lens from Nikon with a numerical
aperture 0.7 (60×). The sample is mounted on a piezo stage that allows it to be scanned
underneath the laser beam focal spot. For the scanning measurements shown in Chapter
4, the scan was performed in a step size of 150 nm, which is much smaller than the
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laser beam focal spot size (≈700 nm, see Chapter 5). In a scanning measurement like
here, a step size smaller than the probe size ensures that all the points in the measured
region are probed. Using a current source from Keithley (model: 2401), a current is
applied (in constant current mode) to measure the helicity-dependent resistance of the
sample (by measuring the voltage). The measured voltage is demodulated at the helicity
modulation frequency of 50 kHz using a MFLI lock-in amplifier from Zurich Instruments.
A time constant of 300 ms and fourth order filter was used. A higher order filter and a
larger time constant help to reduce electrical noise, which was ≈50 nV at 50 kHz. The
integration time of each measurement was ≈5 seconds, and the average HDP signal was
considered. The sample was illuminated with a light-emitting diode (LED) light source,
and the reflected light captured through a camera allowed us to visualize the sample and
the position of the laser focal spot on the sample. The intensity of the reflected laser beam
was measured with a photodetector (PD). The majority of the work for the construction
of this setup was done by Palvan Seyidov, who utilized it to investigate the HDP edge
signals [97].

3.3.2 Scanning ANE microscopy

Here, we describe the method based on a magnetotransport response. We use an ANE
signal that is generated by laser heating-induced heat gradient. Thus, magnetic domain
imaging with spatially resolved scanning ANE (SANE) measurements requires a focused
laser beam. This was achieved by slightly modifying the HDP setup discussed in the pre-
vious subsection. PEM was removed from the path of the laser beam since the polarisa-
tion modulation is not required for the ANE measurement (Figure 3.6). The focused laser

Figure 3.6: Schematic representation of the SANE microscope setup.

beam is partially absorbed, creating a temperature gradient in the sample. This temper-
ature gradient generates an ANE-induced voltage signal. Therefore, no current source is
required to generate the ANE voltage. However, to measure the small ANE signal on the
order of 1 µV, a lock-in detection technique is used. For this, the intensity of the incident
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laser beam is modulated at a frequency of 600 Hz using an optical chopper from Thorlabs
(model: MC2000B-EC). Consequently, the laser heating generated ANE-induced signal
is also modulated at the same frequency. The ANE signal is measured by demodulat-
ing the resulting voltage at 600 Hz using the MFLI lock-in amplifier. Here also, a time
constant of 300 ms and fourth order filter was used. The electrical noise is frequency de-
pendent; at 600 Hz, the noise was 100 nV for this set of the lock-in parameters. This gives
a signal-to-noise ratio (SNR) of 10 for an ANE signal of 1 µV.

A home-made electromagnet was used that could provide a magnetic field of up to
900 mT during the SANE measurements. A current of up to 10 A was applied to the
magnet in the constant current mode using a power supply from Kepco Inc. Since the
magnetic field is proportional to the current in the coil, a constant current is required for a
stable magnetic field. The operation in constant voltage mode leads to current fluctuation
due to the heating of the magnetic coil, which changes its resistance. As a result, the mag-
nitude of the magnetic field fluctuates in the constant voltage mode. Specially designed
magnetic pole pieces were utilized that could concentrate the magnetic field near the ob-
jective lens (Figure 3.7a). This was required because the working distance for the high
NA objective lenses is fairly low (≈1 mm in our case). In order to perform such a scan
at an elevated temperature, a resistive heater was embedded inside a home-made sample
holder. This allowed for SANE measurements at up to 135 °C. The temperature could be
controlled by controlling the flowing current in the resistive coil. A calibration between
the sample temperature and the current was performed by sticking a temperature sensor at
the place of the sample. The sample mounted on a chip carrier was clamped to the sample
holder (Figure 3.7b). The electrical contact with the chip carrier was made through the
metallic pins underneath the chip carrier.

Figure 3.7: (a) Experimental setup for SANE microscopy. (b) Sample holders utilized for SANE
measurements.

3.3.3 Near-field scanning ANE microscopy

To perform scanning ANE measurements using optical near-field (NF-SANE), we employ
a commercial scanning near-field optical microscope (SNOM) from Neaspec. We briefly
discuss the SNOM method in the next subsection.
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3.3.3.1 Scanning near-field optical microscope

SNOM utilizes optical near-field to probe the optical properties of a sample. The near-
field of a laser beam refers to the evanescent waves in the vicinity of a scattering source.
Since the intensity of such an evanescent field decays exponentially within a few nanome-
ters, the sample must be kept in close proximity to the scattering source. In practice, this
is done by focusing a laser beam on the sample underneath the tip of an atomic force
microscope (AFM) (Figure 3.8). The near-field of the laser beam scattered from the apex
of the tip works as an optical probe. The intensity of such a near-field being reflected
from the sample is measured, which allows the absorption and reflection properties of the
sample to be mapped. A mechanical detector monitoring the height of the tip apex pro-
vides information about the sample topography. Since both the intensity of the reflected
near-field laser beam and the topography are measured simultaneously, the obtained map
of the sample’s optical properties can be compared with its topographical structure.

Figure 3.8: Schematic of the experimental setup for the scanning near-field optical microscope.
The figure is adopted from [98].

3.3.3.2 NF-SANE with SNOM

We utilized the SNOM discussed in the previous subsection to perform NF-SANE mea-
surements. For this, the films of magnetic materials were patterned into device structures
consisting of nanometer/micrometer-wide wire structures. A top view of the SNOM tip
in approach with the device structure is shown in Figure 3.9. A laser beam with a wave-
length of 8 µm and a power of 25 mW is focused at the tip apex that lies underneath the tip
cantilever. For this, we used a QCL laser from Thorlabs (model ITC4002QCL). The op-
tical near-field underneath the tip apex was used to heat the wire locally. The ANE signal
generated by this heat gradient is measured electrically through the bonding wires bonded
to the contact pads. In order for the AFM tip to be able to approach the micro/nano wire, it
is crucial to maintain a sufficiently large gap between the tip and bonding wires (see Fig-
ure 3.9). As the bonding wires move away from the pads to the sample holder, they are
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lifted in height and collide with the mounting base of the tip. This collision prevents the
tip from approaching the sample. To avoid such collisions, the bonding wires are directed
in the direction opposite to the tip cantilever (Figure 3.9). The samples were mounted on

Figure 3.9: A top view of the SNOM tip in contact with the sample utilized for NF-SANE scans.

two different kinds of home-made sample holders. Bonding wires were attached to the
larger contact pads on these sample holders (Figure 3.10). The first set of sample holders
consisted of a magnetic coil wrapped to iron bars near the sample. This could provide a
small IP magnetic field of up to 10 mT during the NF-SANE scans (Figure 3.10a). This
set of sample holders was used for the scans requiring a magnetic field during the mea-
surements. The second set of sample holders consisted of a small removable chip carrier
to which the samples were mounted (Figure 3.10b). The samples mounted on these chip
carriers could be moved to external magnets with a heater for field-cooling. Additionally,
they were also used for polar Kerr imaging. The movability of these chip carriers allowed
to perform the subsequent NF-SANE scan of the same magnetic structure as the one ob-
served with the polar Kerr microscope.

The generated ANE signal was fed directly to the lock-in through the attached shielded
cables; no additional preamplifier was used. The ANE signal generated by the optical
near-field was detected by demodulating the measured voltage signal at the second har-
monic of the tip vibration frequency using a MFLI lock-in amplifier. For the majority of
the experiments, a time constant of 300 ms and a third order filter were used. An integra-
tion time of 900 ms was used so that the measurement time was ≈1 s/pixel. At this set of
parameters, the lock-in noise was ≈10 nV at ≈550 kHz. We also tried these experiments
with another lock-in amplifier (HF2LI) from the Zurich instruments that provides higher
band width of up to 50 MHz in comparison to 1 MHz for MFLI. We observed a higher
noise with HF2LI in the lower frequency regime of the interest (≈550 kHz). The MFLI
band width of 1 MHz sufficed for the NF-SANE measurements and was preferred due to
a smaller noise.
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Figure 3.10: Sample holders for NF-SANE experiments. (a) With a small magnet coil. This
sample holder was originally designed by Chris Koerner. The one shown here is a modified version
that was adopted for NF-SANE measurements. (b) With a removable chip carrier.

3.4 COMSOL simulations

We used COMSOL multiphysics to simulate the temporal and spatial distribution of the
temperature inside a 15 nm thick CoFeB film subjected to a laser-induced heating [99].
The radial distribution of the laser intensity was assumed to be Gaussian,

I(r) =
P

2π ·σ2 · e
−
(

r2

2σ2

)
[W/m2] (3.1)

The total incident laser power obtained by integrating equation (3.1) over the entire 2D
space comes out to be P. The full width at the half maxima (FWHM) is 2

√
2ln(2)σ ≈

2.355σ . A fraction α of the incident laser beam passes through the film, where 1−α is
the reflection coefficient of the CoFeB film. Due to the absorption in the film, laser power
is attenuated exponentially inside the film,

I(r,z) =
α ·P

2π ·σ2 · e
−
(

r2

2σ2 +
z

z0

)
[W/m2] (3.2)

Where Z0 ≈ 10nm is the attenuation depth of the CoFeB film. Absorbed energy within a

unit length along z is
di
dz

, this gives energy density of the laser heating,

Q(r,z) =
dI
dz

=
α ·P

2π ·σ2z0
· e−

(
r2

2σ2 +
z

z0

)
[W/m3] (3.3)

Modulation of the laser beam can be modelled as sinusoidal time dependence of the laser
intensity,

Q(r,z, t) =
α ·P

2π ·σ2 · z0
· e−

(
r2

2σ2 +
z

z0

)
· sin2

(
2πt
T

)
[W/m3] (3.4)

Where T = 1
f , and f is laser intensity modulation frequency. The heat energy described

by equation (3.4) alters the CoFeB temperature. The absorbed heat is subsequently dif-
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fused through the MgO substrate underneath the film. The heat conduction module in
COMSOL was used to perform finite element modeling simulation to solve the heat dif-
fusion problem numerically.

Since the heat source is axis symmetric, a 2D axis-symmetric coordinate system (r,z)
was used. To reduce the computational time, The dimension of the MgO substrate was
reduced to 100 µm in both the r, and z directions. This provides a sufficiently large heat
sink to diffuse the laser heat absorbed within the nanoscale region. The real space was
discretized using a free triangular mesh. In the vicinity of the laser spot, an extremely
fine mesh was used. Along the z-direction, with only 15 nm thick CoFeB film, a manual
mesh size (smaller than a nm) was used so that the film region contained several nodes. A
time-dependent study was performed for a duration of 1.25T with a total of 500 equally
spaced points.

Figure 3.11: Free triangular mesh in COMSOL simulations. (a) Full structure. (b) In the region
near the laser spot, as indicated by the dotted square in (a). (c) In the region near the CoFeB film,
as indicated by the dotted square in (b).

The CoFeB film consisted of 60% cobalt and 20% Boran, which have similar physical
parameters such as density and heat capacity. For this reason, physical parameters for
CoFeB were assumed to be that of Co. The following table summarizes these parameters
for CoFeB as well as the MgO substrate:

Table 3.3: List of physical parameters for the COMSOL simulations

Material Heat capacity (J/(kg.K)) Density (kg/m3) Thermal conductivity (W/(m.K))
CoFeB 430 21450 70
MgO 877 3580 42

3.5 Micromagnetic simulations

We used MuMax3 to simulate magnetic structures in the CoFeB film [100]. Considering
the exchange length (λexc≈8.6nm) for the CoFeB film, we discretized the structure into
the cubes of the size 512 nm3 so that the step size was of 8 nm was smaller than λexc.
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The magnetic state was initially randomized, and then a decaying a.c. magnetic field was
applied to simulate the vortex ground state. The relaxation process was done following
the Runge-Kutta (RK45) method [101].These simulations were performed by Jitul Deka,
who assumed the following set of parameters for the CoFeB film [102]:

• IP magnetic anisotropy constant K: 2.02 kJm−3

• Exchange constant A: 20 pJm−1

• Saturated magnetization MS: 65 kAm−1

• Damping coefficient α: 0.03

3.6 X-ray diffraction

We used X-ray diffraction (XRD) to determine the crystallographic properties of our
sputter-deposited Mn3Sn film. XRD is a well-established and powerful tool that enables
the analysis of crystal structures of solids [103, 104]. It works by shining an X-ray beam
on the sample and measuring the intensity of the reflected beam that relates to the crystal
structure of the sample. The incident beam is shined at an angle θ with respect to the sam-
ple surface (-â in Figure 3.12), the reflected beam is directed at an angle θ with respect
to â. Thus, the diffracted beam is diverted with respect to the incident beam by an angle
of 2θ (Figure 3.12). The intensity of the diffracted beam for a given incident angle is de-

Figure 3.12: Schematic showing 2θ - and φ -scan geometry of the XRD measurements. The figure
is adopted from [105].

pendent on the crystal orientation of the sample. We perform such a 2θ scan for different
incident angle θ . The value of θ for which the intensity shows a maxima characterizes
the crystal orientation of the sample. For a well-ordered epitaxially grown film having a
crystal orientation d, we observe a large peak at an angle θd in a 2θ scan. Observation
of such peaks confirms the epitaxial growth of the film. However, even a well-epitaxially
grown film can have any random orientation around the z-axis of the sample. A φ -scan
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allows the differentiation of these different orientations around the z-axis of the sample.
Here, an XRD scan at a fixed incident angle θ = θd but at a different sample rotation
angles (φ ) is performed (Figure 3.12). If all the grains have a fixed specific orientation
around the z-axis, then the Mn3Sn film having a hexagonal crystal structure would have
a six-fold symmetric φ scan. This symmetry would be lifted if the grains are randomly
oriented. The XRD measurements of the Mn3Sn film were performed by Prajwal Rigvedi
using a Bruker D8 discover system that is capable of performing both the 2θ - as well as
the φ -scans.
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Chapter 4

Magnetic domain imaging with
helicity-dependent photoconductivity

In this Chapter, we demonstrate the utility of helicity-dependent photoconductivity for
probing the magnetization of an OOP-magnetized sample. We rely on the HDP signal
originating from the magnetic circular dichroism effect [106]. MCD effect refers to differ-
ential absorption of the left- and right-circularly polarized lights in magnetized materials.
The X-ray-based MCD (XMCD) effect is widely used to probe the magnetic properties of
a sample [107]. Here, we utilize a MCD signal generated by a tabletop available visible
laser with a wavelength of 532 nm. The spatially resolved scanning measurement allows
for imaging of the magnetic domain structure of the sample.

4.1 Helicity-dependent photo-voltage

To study the optical MCD effect, a magnetic sample is illuminated with a circularly polar-
ized laser beam (Figure 4.1a). The helicity of the polarization is modulated between LCP
and RCP using a PEM and a linear polarizer (see methods for the details). A part of the
incident laser beam is absorbed by the sample. Due to the MCD effect, the absorption (A)
is modulated at the helicity modulation frequency (ω), as shown in Figure 4.1b. Since the
absorption modulation amplitude (∆Aω ) depends on the magnetization, we can image the
magnetic domain structure of the sample by performing spatially resolved measurements
of ∆Aω . In the experiments, ∆Aω is measured electrically. Such an electrical measurement
is possible because the resistance of the sample changes due to laser-induced heating that
depends on the absorption A. Consequently, modulation of A leads to modulation of the
sample resistance (R) with a modulation amplitude of Rω (Figure 4.1c). To measure the
modulated Rω (on the order of 100 µΩ), a constant amplitude current is applied through
the sample patterned into the wire structure (see Figure 4.1a). The applied current of the
constant amplitude gives a modulated voltage signal (V ω

HDP) due to the resistance modu-
lation. Thus, the illumination of the sample with a helicity-modulated beam and applying
a current of constant amplitude gives a helicity-dependent voltage.
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Figure 4.1: (a) Schematic showing a magnetic wire with a multi-domain state is illuminated with
a circularly polarized laser beam. The helicity of the polarization is modulated between LCP
and RCP. The resulting HDP signal is measured by applying a d.c. current and demodulating
the voltage with a MFLI lock-in amplifier. This graphic was prepared by Chris Koerner for our
publication [97].(b) Helicity modulation leading to the absorption modulation. (c) Modulation of
the wire resistance due to MCD effect. (d) Voltage modulation due to HDP.

4.2 Sample characterization

We demonstrate the HDP voltage-based magnetic imaging method in a sample with a
perpendicular magnetic anisotropy. PMA materials give out-of-plane polarized magnetic
domain structures that provide a large MCD-induced absorption. The sample consists of
a Co/Ni/Co stack [108, 109] deposited on a MgO(001) substrate by a sputtering method
(see methods for details). A Pt under-layer was used, whose interface with Co provides a
PMA anisotropy, and the film was capped with a 3 nm thick TaN layer to prevent it from
oxidation. A hysteresis measurement based on the polar Kerr effect verifies that the film
provides an OOP polarization in the remanence (Figure 4.2).

Figure 4.2: (a) Schematic showing the layered structure of the Co/Ni/Co stack. (b) The polar
Kerr-based hysteresis measurement of the sample utilized for the HDP measurements.
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4.3 Magnetic domain imaging

In order to perform the HDP-based electrical measurements, the film is patterned into
a 10µm× 15µm wire structure sandwiched between the contact pads made of the same
material (Figure 4.3a). The magnetic domain structure of the device is manipulated by
applying a small magnetic field. The remanence state contains a domain wall trapped
in the wire Section of the device, as shown by the polar Kerr microscopy (Figure 4.3b).
Subsequently, the same magnetic structure is investigated with the scanning HDP mea-
surements. While illuminating the wire with the helicity-modulated circularly polarized
laser beam, a d.c. current of 2.5 mA is applied to measure the resulting photo-resistance.
This is done by demodulating the resulting voltage drop across the sample at the helicity
modulation frequency. Spatially resolved measurement of V ω

HDP reveals the same contrast
as that from the Kerr microscope (Figure 4.3c).

Figure 4.3: (a) Schematics of the device structure utilized for the HDP measurement. A 10µm×
15µm wire structure is attached to 150µm×150µm contact pads from the two sides. A d.c. current
is applied, and the resulting voltage is measured by a lock-in amplifier through the contact pads.
(b) Polar Kerr microscope image of the device showing a magnetic domain wall in the wire Section
of the structure. (c) The same magnetic structure investigated with scanning HDP measurement by
applying a 2.5 mA current. (d) HDP measurement repeated with an applied current of −2.5 mA. (e)
An altered magnetic domain structure in the device shown by the Kerr microscope. (f) Magnetic
domain structure in (e) investigated with the HDP measurement.

The scanning measurement is repeated with an applied current of −2.5 mA; this also
reproduces the magnetic domain contrast with a reversed sign of V ω

HDP (Figure 4.3d). The
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dependence of the HDP voltage on the current confirms that it is induced by the applied
current. Since the applied current has constant magnitude, observation of the HDP voltage
at ω implies modulation of the wire resistance at the helicity modulation frequency. To
further confirm that the resistance modulation results from the MCD effect induced by
the wire magnetization, we create a different domain structure in the wire (Figure 4.3e).
Subsequent HDP measurements reveal the new magnetic domain structure (Figure 4.3f).

We also perform the HDP domain imaging in a different 10µm×5µm wire structure.
Here also, HDP-based domain imaging reproduces magnetic contrast obtained by Kerr
microscope. Domain images for the two different domain structures in this device are
shown in Figure 4.4.

Figure 4.4: HDP-based magnetic domain imaging performed for a different a 10µm× 5µm wire
structure. (a) Schematic of the device structure. (b,d) Magnetic domain structure observed by the
polar Kerr microscope. (c,e) HDP-based magnetic domain structures in (c) and (e) reproduce Kerr
contrast in (b) and (d), respectively.

4.4 Origin of the HDP signal

To verify if the observed HDP signal originates from the MCD effect, we investigate the
dependence of the HDP signal amplitude on the polarization state of the incident laser
beam. For this, the amplitude of the retardation (α) between Ex and Ey is varied between
0° and 310°. Retardation modulation with an amplitude of 0° corresponds to a constant
linearly polarized laser beam. The amplitude of 90° and 270° leads to circular polarization
with a helicity modulation between LCP and RCP. The helicity modulation would be out
of phase between the two cases of 90° and 270°. Any other intermediate amplitude results
in helicity-modulated elliptical polarization. We measure the HDP signal for the domain
structure shown in Figure 4.4b at the different retardation amplitude. HDP signal mea-
sured at a point in the region with mz > 0 vs retardation amplitude α is shown in Figure
4.5. We see a negligible signal for the linearly polarized laser beam (α ≈ 0). The maxi-
mum signal is observed for the helicity-modulated circular polarization (α = 90◦,270◦).
The signal polarity for α = 90◦ is opposite to that for α = 270◦. This difference in polar-
ity is due to a 180° phase gap in helicity modulation for these two cases. This confirms
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that the HDP signal correlates with the polarization state of the incident laser beam. Ide-
ally, we expect a purely periodic signal as a function of α . However, as α is increased
beyond 90°, the light undergoes multiple RCP to LCP transitions within one modulation
cycle, reducing the detectable HDP signal. This decreases the overall signal amplitude
and results in a damped periodic signal as a function of α .

Figure 4.5: The measured HDP single magnitude as the function of the amplitude of the retarda-
tion. The error bar of 20 nV corresponds to the RMS noise of the signal averaged over 30 seconds.

4.5 HDP signal near the edges of the wire structures

In addition to the magnetic domain contrast, we also observe a relatively larger signal
(≈1 µV) at the edges of the magnetic wire (Figure 4.3c). Previously, such a HDP signal
has also been observed at the wire edges of nonmagnetic materials such as topological
insulators BiSbTeSe2 [110], Bi2Se3 [111], a heavy metal Pt [111,112], and a noncollinear
antiferromagnet Mn3Ir [113]. They are attributed to spin Hall effect (SHE) induced spin
accumulation [114], resulting in HDP signals of opposite signs at the two edges (Figure
4.6a,b). In our measurements, this could arise due to SHE from Pt under-layer in the
Co/Ni/Co stack. However, the magnitude of such a SHE-induced HDP signal is intrigu-
ing, as it is higher than the HDP signal from the magnetic moment in a ferromagnet. This
implies that the total SHE-induced magnetic moment at the edges must be larger than that
in a ferromagnet. In typical ferromagnets, a magnetic moment of 1 µB per atom is ex-
pected. On the other hand, based on previous experiments and theoretical considerations,
the SHE-induced moment is expected to be 1 × 10−5 µB per atom only [115, 116]. This is
in contradiction to over observations.

HDP signal arises from the wire’s periodic heating due to differential absorption dur-
ing the helicity modulation. Near the edges of the wire, periodic heating can occur due
to the wobbling of the focused laser beam (Figure 4.6c). This periodic heating would
modulate the wire resistance, resulting in a voltage signal for an applied current of fixed
amplitude. We show that PEM induces a focal spot shift of a few nanometers at the he-
licity modulation frequency [97]. The periodic heating from this focal shift results in a
voltage signal at the same frequency [97]. Another contemporary work also supported
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this explanation of the HDP edge signal [117]. This artifact signal was previously falsely
attributed to SHE-induced HDP signal [110, 111, 113].

Figure 4.6: (a) Illustration of SHE-induced spin accumulation near the wire edges of a heavy metal.
(b) Schematic illustration of expected HDP signal due to SHE induced spin accumulation. (c) A
laser beam passing through the PEM is focused near the edge of a wire deposited on a transparent
substrate. Due to the different absorption of the wire and the substrate, wobbling caused by the
PEM results in periodic heating of the wire.

Thus, we observe an artifact near the edges of the wire structures. Here, the wobbling
of the laser spot induced by the PEM causes periodic heating of the sample, resulting
in a voltage signal at the helicity modulation frequency. Since the laser beam focal spot
wobbles in a specific direction, such an artifact can be avoided by orienting the wire
structure along the laser spot wobbling direction [97, 117].

4.6 Conclusion

We have shown that MCD-driven helicity-dependent absorption in a magnetic material
can be converted to an electrical read-out signal related to the material’s magnetic state.
Spatially resolved scanning measurements of such a signal allow magnetic domain imag-
ing. Since the read-out signal relies on the MCD effect present in a wide range of magnetic
materials, the obtained results are significant for all such classes of magnetic materials.
Of particular interest are noncollinear antiferromagnets, which have been shown to ex-
hibit Berry curvature-driven Kerr [35–40] and MCD [41, 42] responses that correlate to
their antiferromagnetic ordering.
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SANE microscopy for IP magnetization

Here, we discuss magnetic readout signals based on magnetotransport response. One
such example is the anomalous Hall effect (AHE), which arises from a Berry curvature-
induced effective field. AHE also emerges in noncollinear antiferromagnets with chiral
spin texture, making this phenomenon interesting for antiferromagnetic spintronics. AHE
generates a voltage orthogonal to an applied current in the plane of magnetic thin films,
making it sensitive to the out-of-plane components of magnetization. An analogous phe-
nomenon is the anomalous Nernst effect (ANE), which is also generated by Berry cur-
vature in ferromagnetic and noncollinear antiferromagnetic material. ANE generates an
electric field (E) transverse to both magnetization M and an applied temperature gradient
(∇T). This has the advantage that because a temperature gradient can be applied IP and
OOP in thin film devices, both IP and OOP components of magnetization can be mea-
sured. In addition, by using laser heating to generate a spatially confined ∇T, spatially
resolved scanning measurements of ANE enable magnetic domain imaging.

This method of scanning ANE microscopy has previously been utilized to image the
magnetic domain structures of IP-magnetized thin films with a spatial resolution of a few
micrometers [54–57]. More recently, the spatial resolution has been improved by using an
optical-near-field [58–60]. In this Chapter and Chapter 6, we study a ferromagnetic film
with well-understood magnetic structures to deduce the magnitude and spatial distribution
of the temperature gradient that is required for an ANE signal. The obtained results are
supported by the finite element modeling simulation of the laser heating (Section 1-5,8),
and the magnetic contrast observed by the ANE microscopy is verified by that with the
Kerr microscopy (Section 4). Finally, we study the influence of various measurement
geometrical factors on the magnitude of the measured ANE signal (Section 6).

5.1 Scanning ANE microscope principle

We employ a scanning confocal optical microscope for ANE-based magnetic domain
imaging. A laser beam is focused on the sample by an objective lens (Figure 5.1a). A
fraction of the laser beam is reflected, while the rest is exponentially attenuated as it
passes through the sample. This means that the laser beam is absorbed more at the film’s
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top surface than at the bottom surface. The heating caused by the absorbed laser beam
energy creates an OOP temperature gradient (∇zT ) underneath the focal spot. Here, ∇zT
denotes the z component of the temperature gradient. This gradient results in an ANE
response transverse to ẑ and the magnetization (M). Measuring this ANE response allows
us to deduce the IP magnetization underneath the laser focal spot. By performing scanning
measurements of such an ANE signal, a map of the IP magnetization of the sample can
be constructed. This provides us with a magnetic domain image of an IP-magnetized
material.

Figure 5.1: (a) Schematic illustration of the ANE imaging method. A laser beam focused by the
objective lens creates a temperature gradient with a nonzero OOP component (red arrow). This
gradient generates a VANE related to the transverse component of the magnetization (the orange
arrow). (b) Schematic showing the radial intensity distribution of the focused laser beam.

5.2 Laser heating induced OOP temperature gradient

In order to understand the characteristics of laser heating-induced ANE signal, it is impor-
tant to study the magnitude and spatial distribution of ∇T. Here, we systematically study
the laser heating-induced temperature gradient generated out-of-plane of the sample. A
laser beam with a wavelength of 532 nm is focused by an objective lens with a numerical
aperture (NA) of 0.7 (Nikon ELWD 60X) onto a magnetic thin film sample. We study
an IP magnetized 15 nm thick film of Co60Fe20B20 deposited on a MgO (001) substrate
by sputtering (see methods for details). The laser beam intensity on the CoFeB sample
underneath the focal spot is expected to be spatially nonuniform (Figure 5.1b).

5.2.1 Intensity distribution of the focused laser beam

The laser heating-induced temperature increment depends on power density, which de-
pends on the laser power and the radial intensity distribution of the laser beam at the focal
spot. The laser power behind the objective lens was measured using a power meter from
Thorlabs (model: PM100D). The intensity distribution was obtained by scanning an edge
of a 100 nm thick Au film underneath the laser focal spot (Figure 5.2a). The intensity of
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the reflected beam (Iref) is measured as a function of edge position (x). It can be written
as:

Iref(x) =
∫ x

−∞

r1I(r)dr+
∫

∞

x
r2I(r)dr

Where r1 and r2 denote the reflection coefficient for the substrate and the film, respec-
tively. Defining

∫
I(r)dr = Iint(r), we have,

Iref(x) = (r1 − r2) · Iint(x)+ constant

Taking the derivative of above equation gives,

dRe f (x)
dx

= (r1 − r2) ·
dIint(x)

dx
= (r1 − r2) · I(x) (5.1)

Figure 5.2: (a) Schematic showing a laser beam focused near the edge of a gold film on a trans-
parent substrate. The film is scanned underneath the laser spot, and the intensity of the reflected
beam is measured as the function of edge position (x). (b) Plot of reflectivity line scan against x,
and fit of the line scan to an error function (blue, left axis). The spatial derivative of the fit to the
reflectivity line scan is shown on the green, right axis.

Equation (5.1) shows that laser intensity distribution I(x) is proportional to the deriva-
tive of the reflectivity line scan. The intensity line scan measurement is shown in (Figure
5.2b); it is well described by an error function, as shown with the fitted black curve. The
radial distribution of the laser intensity is determined by taking the derivative of this line
scan, which is a Gaussian distribution with FWHM = 736±22 nm.
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5.2.2 Magnitude of the OOP temperature gradient

The laser beam underneath the focal spot provides a Gaussian heat source with FWHM
≈750 nm (σ≈320nm). In our experiments, the incident laser power on the CoFeB film is
5 mW. Assuming the reflection coefficient of CoFeB to be 0.65 for the laser wavelength of
532 nm [118], the power of the laser beam passing through the film would be 1.75 mW.
The absorbed part of the beam acts as a heat source with spatially nonuniform energy
density. Due to modulation of the laser beam, the heat source varies sinusoidal in time at
the optical chopper frequency f = 600Hz. The energy density distribution (at t = T/4)
is shown in Figure 5.3a. This heat source alters the film temperature, which varies in
space and time. The spatial and temporal dependence of the film is simulated using the
COMSOL multi-physics heat transfer module (see methods for details). The obtained
temperature distribution at t = T/4 is shown in Figure 5.3b.

Figure 5.3: Heat source energy density and temperature distribution subjected to heating by a
modulated laser beam at t = T/4. (a) Spatial distribution of the energy density of the absorbed
laser beam in the CoFeB film. (b) The temperature distribution in the film.

A line graph of the temperature along the film thickness at the center of the laser spot
is shown in Figure 5.4a. This shows a monotonous decrease in the temperature from the
top surface to the bottom. A higher temperature at the top surface is expected as the laser
heating is higher at the upper surface than at the lower surface. The average temperature
gradient along the z-direction is defined as,

∇zT =
Ttop −Tbottom

t
(5.2)

Where t is the film thickness. The simulated results indicate a temperature difference
of 0.13 K across the 15 nm film. This amounts to a temperature gradient of ∇zT ≈ 9×
106 K/m. The time dependence of ∇zT shown in Figure 5.4b indicates that heat diffusion
is fast enough to allow the temperature gradient to be modulated at the optical chopper
frequency f = 600Hz.
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Figure 5.4: (a)) Line graph of the temperature across that film thickness. (b) Time dependence of
the OOP temperature gradient (∇zT ).

5.3 Laser heating-induced ANE signal in IP-magnetized wire

Here, we consider laser heating-induced ANE signal in an IP-magnetized (M = Mxx̂+
Myŷ) magnetic wire structure. For IP-magnetized sample, IP component of the ANE-
induced electrical response is generated by ∇zT and can be written as follows:

EANE = µ0SANE∇T ×M (5.3)

= µ0SANE∇zT ·Myx̂+µ0SANE∇zT ·Mxŷ (5.4)

Where µ0 is the vacuum permeability, SANE indicates the ANE coefficient, and M is the
unit vector of the magnetization. The measured ANE voltage along the wire length (y-
direction) is given by,

VANE = Ey
ANE · lspot (5.5)

= µ0 ·SANE ·∇zT ·Mx · lspot (5.6)

Here, lspot is the dimension of the spot over which the heat gradient is present. We measure
VANE to deduce information about Mx. For this, the CoFeB film is patterned into a 10 µm
wide wire, as shown schematically in the inset of Figure 5.5a. The wire is scanned with
the focused laser beam while a ±40 mT magnetic field is applied along the wire width
(x-direction) to saturate the magnetization. We observe an ANE signal of ≈4 µV as the
laser beam hits the wire. The signal is of magnetic origin as its polarity changes when the
magnetic field is reversed in direction (Figure 5.5a). The magnitude of the signal scales
linearly with the laser power (Appendix A.1), confirming that it is generated by the laser
heating-induced temperature gradient. We now demonstrate that this ANE signal can be
utilized to characterize magnetic properties. By scanning the laser over a 15µm× 5µm
area and averaging VANE at different applied field strengths, we build up a magnetic
hysteresis loop, as shown in Figure 5.5b. For this measurement, a device with width w =

14µm (wire length = 25 µm) is chosen because the wider wire reduces shape anisotropy
and provides a reasonable coercive field to observe a hysteresis.
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Figure 5.5: (a) ANE line scan of a 10 µm wide wire. The inset shows the device structure schemat-
ically. (b) ANE-based hysteresis loop measurement in a 14µm×25µm wire structure.

5.4 ANE-based magnetic domain imaging

In the next step, we show that spatially resolved ANE measurements can be utilized to
image the magnetic domain structure of a sample. Due to the shape anisotropy, magnetic
moment orient along the wire length in the absence of the field. As a result, a multi-
domain state in the remanence has negligible Mx component. However, to observe an
ANE signal in our measurement geometry, a nonzero Mx is required (see equation (5.6)).
To overcome this problem, we use CoFeB wire structures with branches, as shown in Fig-
ure 5.6. These branches stabilize a multi-domain remanent state. Such multi-domain mag-
netic structures provide nonzero Mx, as confirmed by longitudinal static Kerr microscopy.
The same magnetic structures are subsequently transferred to the SANE microscope. The
magnetic domain imaged by the ANE method reveals similar magnetic structures. The
slight discrepancy in domain structures observed by the SANE and the Kerr microscopy
is attributed to the instability of the domain structures. Since the coercivity field is very
small on the order of a mT, the domain structures are altered during the sample transfer
from one experimental setup to another.

Figure 5.6: CoFeB wire structure with branches as shown by Schematic on the left. The mid-
dle part shows domain images observed by a longitudinal Kerr microscope; the same magnetic
structure investigated with the SANE microscope is demonstrated in the right section. (a) A wire
structure with one branch. (b) Same as (a) for the device with four branches.
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5.5 Radial distribution of OOP temperature gradient

We demonstrated that SANE microscopy can image magnetic domain structures. Next,
we find the spatial resolution of the ANE microscope. Since the spatial resolution in a
scanning microscope is defined to be the FWHM of its probe, it is required to determine
the spatial distribution of the OOP temperature gradient ∇zT .

5.5.1 Based on COMSOL simulation

We extract a line graph from the simulated temperature distribution in Figure 5.3b. This
shows temperature spread in the radial direction at the top and bottom surface of the
CoFeB film Figure (5.7a), the same is compared with the laser intensity distribution. We
see that the temperature increment at both surfaces spreads beyond the laser focal spot.
However, the gradient that is proportional to the difference in temperature at the two
surfaces follows the laser intensity distribution very closely (Figure 5.7b). The FWHM
of ∇zT is 786 nm, which is only 3% higher relative to the FWHM of the laser intensity
distribution (=750 nm).

Figure 5.7: (a) Line graph in radial direction for the simulated temperature distribution at the top
and bottom surface of the CoFeB film (blue, left axis). The laser intensity distribution is shown on
the green right axis. (b) The radial distribution of ∇zT (blue, left axis) is compared with the laser
intensity distribution (green, right axis).

5.5.2 Based on experimental results

From the COMSOL simulation results, we expect the spatial distribution of ∇zT in the
SANE microscope to be nearly identical to the FWHM of the laser focal spot. To verify
this claim, we determine the spatial distribution of ∇zT experimentally. This can be done
by scanning a magnetic domain wall across the heat gradient spot. For this, we require a
stable multi-domain magnetic state with sharp transition (on a spatial scale much smaller
than the spot size) between one domain state to another.
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5.5.2.1 Landau pattern surrounding a magnetic vortex core

We realize such a magnetic structure in a nanoscale spin texture of a magnetic vortex
[119]. This pattern is obtained in an 8µm×8µm slab of a CoFeB film with a thickness of
45 nm. The slab is connected with a 1 µm contact wire at the top and the bottom, as shown
in Figure 5.8. The ANE signal is measured using these contact wires. The micro-magnetic
simulation shows that this structure hosts the Landau pattern with a magnetic vortex at the
core Figure 5.8a. As one goes from top to bottom across the vortex, the IP magnetization
rotates very rapidly from along the positive x-direction to the negative x-direction. This
is because the magnetic vortex has a width of only a few nm [62, 63]. To create such a
Landau pattern, the slab is demagnetized in a decaying a.c. magnetic field Figure 5.8b. A
longitudinal differential Kerr microscope reveals this pattern experimentally. To observe
the pattern with the SANE microscope, the structure was saturated with a 50 mT magnetic
field, and then the field was reduced to zero. The remanence state forms a Landau pattern,
as shown by the SANE microscopy image (Figure 5.8c). The magnetic structure of the
Landau pattern can be tuned by changing the direction of the applied field, as discussed
in Appendix A.3. We note that the ANE signal is larger near the connecting wires. This is
due to the spread of the current generated by the ANE voltage. When the ANE voltage is
generated away from the wires, the spread of the current leads to partial detection of the
generated ANE signal.

Figure 5.8: (a) The micro-magnetic simulation for a CoFeB slab with dimension 8µm× 8µm×
45nm. The slab is connected with 1 µm contact electrodes at the top and bottom. (b) Longitudinal
Kerr microscope image that maps Mx in the slab. (c) Landau pattern in the slab imaged by SANE
microscope. The dotted lines indicate the slab outlines.

5.5.2.2 Scanning a magnetic domain wall underneath the focal spot

We show that similar to the laser intensity distribution measurements, the radial distribu-
tion of ∇zT can be obtained by scanning a magnetic domain wall under the heat gradient

54



5.5. Radial distribution of OOP temperature gradient

spot. In this case, we measure the ANE signal VANE(x) as the function of domain wall
position (x). Following a similar analysis, one can show the following:

dVANE(x)
dx

= (m1 −m2) ·∇zT (x) (5.7)

Thus, ∇zT (x) is directly proportional to the derivative of such an ANE line scan. We
scan the magnetic vortex shown in Figure 5.8 underneath the laser focal spot. The line
scan is shown in Figure 5.9; its derivative is well described by a Gaussian with FWHM
= 760 nm. This reveals that ∇zT (x) is Gaussian. Its FWHM ( = 760 nm) is close to the
value expected from the simulation results (786 nm).

Figure 5.9: (a) Schematic showing a magnetic domain wall underneath a laser spot that generates
an OOP temperature gradient ∇zT (x). The domain wall is scanned, and the ANE signal is mea-
sured as the function of the domain wall position (x). (b) An ANE line scan across the magnetic
vortex and the fit to an error function (left, blue axis), and the derivative of the fitted line (right,
green axis).
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Chapter 5. SANE microscopy for IP magnetization

5.6 Influence of geometrical factors on measured ANE signal

We analyze the effect of several geometric factors on the magnitude of the measured ANE
signal. We consider the experimental geometry shown in Figure 5.1. A magnetic wire
with a width of w is illuminated by a focused laser beam. The illumination generates an
OOP temperature gradient over a region of dimension Lx×Ly (Figure 5.10a). We analyze
the dependence of ANE voltage on w, and Lx, Ly.

5.6.1 Wire width dependence

First, we study wire width dependence while keeping other experimental parameters con-
stant. An analytical model is developed that is then verified with the experimental data.
The illuminated area (Lx ×Ly) acts as a battery due to the ANE-induced voltage (Vgen).
The finite resistance of the illuminated area results in an internal resistance of the battery
(Rint). The part of the wire shown in green provides a conducting path with resistance
Rc (see Figure 5.10a). The remaining part of the magnetic wire adds to the contact wire
resistance (Rwire). The equivalent circuit diagram is shown in Figure 5.10b. we determine

Figure 5.10: (a) Schematic showing a magnetic wire illuminated by a laser beam across the di-
mension Lx ×Ly. (b) An equivalent circuit diagram for the structure is shown in (a).

influence of Rc and Rint on the measured voltage Vmeas. Since Rwire (≈ 1kΩ) is much
smaller than the lock-in impedance (≈ 1MΩ), its role can be ignored. Therefore, Vmeas is
simply the potential across Rc, which is equal to I ·Rc, where I is the current flowing in
the circuit.

Vmeas = I ·Rc

=
Vgen

Rc +Rint
·Rc

=
Rc

Rc +Rint
·Vgen
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5.6. Influence of geometrical factors on measured ANE signal

Since Rc ∝
1

w−Lx
and Rint ∝

1
Lx

Vmeas =
1

w−Lx
1

w−Lx
+ 1

Lx

·Vgen (5.8)

=
Lx

w
·Vgen (5.9)

Equation (5.9) indicates that the measured ANE signal is inversely proportional to the
wire width. To verify it experimentally, we measure ANE line scans across the CoFeB
devices with different widths. The Magnitude of the ANE signal is clearly smaller in
the wider wires (Figure 5.11a). The inverse dependence is shown by plotting the average
ANE signal across the wire vs w. Equation (5.9) is verified by a linear fit of 1/VANE with
w (Figure 5.11b).

Figure 5.11: (a) ANE line scans across magnetic wires of different widths. (b) The plot of VANE
vs w (blue, left axis), plot of 1/VANE against w, as well as the linear fit(green, right axis).

5.6.2 Dependence on illumination area

We analyze the effect of Lx and Lx on the measured ANE signal. VANE indicated in Figure
5.12a is the measured ANE signal along the y-direction. From equation (5.9), we have,

VANE =V y
meas (5.10)

=
Lx

w
·V y

gen (5.11)

=
Lx

w
·Ey

ANE ·Ly (5.12)

=
Lx

w
·µ0 ·SANE ·∇zT ·Ly (5.13)

Assuming ∇zT ∝
P

Lx·Ly
, where P is the incident laser power,

VANE ∝
Lx

w
·µ0 ·SANE ·

P
Lx ·Ly

·Ly (5.14)

∝
µ0 ·SANE ·P

w
(5.15)
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Thus, we expect the magnitude of the measured ANE signal to be independent of
the heat flux area. To verify this experimentally, we illuminate the magnetic wire with
a laser beam with a power of 5 mW. The beam is focused using objective lenses with
two different numerical apertures (NA) of 0.4 and 0.7. Because the spot size is inversely
proportional to NA, the heat flux area in the two cases would be different, as indicated in
the inset of 5.12b. ANE line scan by these two objective lenses shows that the magnitude
of the ANE signal is identical within the experimental errors, confirming our analytical
model.

Figure 5.12: (a) Schematic of the measurement geometry. (b) ANE line scan of a magnetic wire
by the objective lenses of NA 0.7 and 0.4. The inset schematically shows the relative spot size of
the focused laser beam in two cases.

5.7 Generalized expression for ANE Signal in ANE microscope

In the previous Section, we showed that the magnitude of the measured ANE signal,
resulting from a uniform ∇zT over a dimension of Lx ×Ly is given by equation (5.13).
In the SANE microscopy, ∇zT underneath the focal spot is a Gaussian distribution. For
the case of a nonuniform ∇zT like this, we can divide the slab into small parts so that
within each part, ∇zT is uniform. The net ANE signal would be a summation of the
contribution from each part. Consider a magnetic slab of the dimension l ×w× t (Figure
5.12a) illuminated by a laser beam. We consider a general case of magnetization with both
IP (mx, my) and OOP (mz) components. A temperature gradient ∇xT and ∇zT induces an
electrical response along the slab length (y-direction) due to ANE,

EANE = µ ·SANE · (mx∇zT +mz∇xT ) .

We divide the slab region into cubes of dimension dx×dy×dz in which the gradient can
be assumed constant. The resulting voltage is,

VANE = EANE dy = µ ·SANE · (mx∇zT +mz∇xT ) dy.

58



5.8. Estimate of OOP temperature gradient based on ANE

These stacks of cubes act as batteries conducting in parallel along the x and z direction
and in series along the y direction. The net voltage averages out in x and z directions and
adds up in y-direction, giving,

VANE =
µ ·SANE

w · t
·
(∫ w

0

∫ l

0

∫ t

o
mx∇zT dxdydz+

∫ w

0

∫ l

0

∫ t

o
mz∇xT dxdydz

)
.

Assuming mx and mz to be uniform across the film thickness of a few nanometers, we
have, ∫ t

0
mx∇zT dz = mx

∫ t

0
∇zT dz = mx · (Ttop −Tbottom).

The temperature across the film thickness is nearly identical, for example, 313.35 K and
313.23 K in Figure 5.4a. ∇xT can be assumed to be nearly constant across the film thick-
ness, giving

∫ t
0 mz∇xT dz = mz∇xTt. Therefore,

VANE =
µ ·SANE

w
·
(

1
t
·
∫ w

0

∫ l

0
mx · (Ttop −Tbottom)dxdy+

∫ w

0

∫ l

0
mz∇xT dxdy

)
(5.16)

5.8 Estimate of OOP temperature gradient based on ANE

We compute the magnitude of OOP temperature gradient ∇zT based on VANE in a satu-
rated IP magnetized CoFeB film (mx = 1,mz = 0). Assuming the ANE coefficient to be
that of a typical ferromagnet (µSANE = 1µV/K), equation (5.16) simplifies to the follow-
ing:

VANE =
1µV/K

w

∫ w

0

∫ l

0
∇zT dxdy

As we demonstrated previously, ∇zT is a Gaussian function of x,y with standard deviation
of σ related to FWHM by σ = FWHM

2.35 . Defining to ∇zT 0 to be the gradient at the center
of the of the laser spot,

VANE =
1µV/K

w
∇zT 0

∫ w

0

∫ l

0
e
−(x2+y2)

2σ2 dxdy

Since l,w are much larger than σ , limits in the integration can be considered as −∞ to ∞.
Then the value of the integral is 2πσ2,

VANE =
1µV/K

w
·∇zT 0 ·2πσ

2 (5.17)

In our experiments, we have VANE = 4µV in a 10 µm wide wire (Figure 5.5a), and σ =
FWHM

2.35 = 760nm
2.35 ≈ 324nm (Figure 5.9). Substituting these values in equation (5.17) gives

∇zT 0 ≈ 6×106 K/m. We note that the obtained value of ∇zT 0 based on the experiments
(6 × 106 K/m) differs from that obtained from COMSOL simulation (9 × 106 K/m) by a
factor of 1.5. This discrepancy is attributed to an error in several parameters, such as ANE
(SANE) and reflection (α) coefficients of the CoFeB film.
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Chapter 5. SANE microscopy for IP magnetization

5.9 Discussion

Finally, we point out the underlying mechanisms that make ANE microscopy advanta-
geous when studying magnetic materials on the nanoscale. Equation (5.15) indicates that
the magnitude of the ANE voltage in a given magnetic wire is proportional to P

w . It is
independent of all other geometric factors. This result suggests that the laser-based heat-
ing utilized in SANE microscopy has two advantages. First, since the voltage is inversely
proportional to the wire width, studying narrower wires with ANE microscopy gives rise
to larger signals. Second, the entire absorbed energy is utilized to directly heat the wire,
in contrast to resistive-heating methods where a majority of the heat energy is dissipated
elsewhere [120–122].

5.10 Conclusion

We have demonstrated that laser heating-induced ANE signal can be utilized to character-
ize the magnetic properties of IP-magnetized materials. Scanning measurements of such
an ANE signal provide magnetic domain images. The radial distribution of the OOP tem-
perature gradient follows the intensity distribution of the focused laser beam. This is in
contrast to the temperature distribution of the film, which spreads beyond the laser focal
spot. For a laser beam having a Gaussian radial intensity distribution with a FWHM of
≈735 nm, the OOP temperature gradient is also a Gaussian with a FWHM of ≈760 nm.
For the wavelength of 532 nm and incident laser power of 5 mW, the amplitude of the
OOP temperature gradient Gaussian distribution ∇zT 0 is ≈6× 106 K/m. We note that
laser heating-based ANE studies, in addition to being convenient, have a distinct advan-
tage over resistive heating-based ANE studies.
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Chapter 6

SANE imaging with optical near-field

The spatial resolution of the SANE microscopy is constrained by the size of the laser
beam focal spot. When an objective lens is utilized, the spot size can not be reduced
beyond the diffraction limit of λ/2NA. For a typical optical microscope, this limit is a few
hundred nanometers. An optical probe with nanoscale dimension is required to image the
magnetic domains with the SANE microscope at the nanoscale. For that, we utilize an
enhanced optical near-field underneath a vibrating metallic tip that is a few nanometers
in diameter [51, 52]. In practice, this is achieved by focusing a laser beam to the apex of
an atomic force microscope (AFM) tip. The intensity of the enhanced optical near-field
depends nonlinearly on the tip-sample distance, which is modulated due to the vibration
of the tip. Such modulation and the nonlinear dependence result in higher harmonic
components of the near-field enhanced laser beam intensity. In contrast, the non enhanced
laser beam away from the tip has only d.c. and the first harmonic component. This allows
us to to detect purely nanoscale near-field component by demodulating the signal at higher
harmonics of the tip vibration frequency (ω).

Figure 6.1: (a) The intensity distribution of a laser beam with a wavelength of 532 nm focused
by an objective lens with a numerical aperture of 0.9. (b) Illustration of the optical near-field
enhancement underneath a vibrating AFM tip.
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6.1 Scanning optical near-field microscope

6.1.1 Optical topography

We demonstrate near-field optical imaging with an AFM scan of 5µm× 5µm area of a
sample consisting of 1.5µm×1.5µm square structures of 20 nm thick SiO2 deposited on
a Si wafer (Figure 6.2a). Simultaneously, the apex of the tip is applied with a laser beam
with a wavelength of 8 µm and power of 25 mW. The beam is focused on the sample by a
parabolic mirror with a numerical aperture of 0.4. The intensity of the reflected laser beam
is measured to construct the optical topography of the structure. The diffraction-limited
spot of the focused laser beam is expected to be at least 10 µm. Map of the d.c. reflectiv-
ity, probing the optical topography with this 10 µm wide laser spot is not able to resolve
1.5 µm wide structures (Figure 6.2b). The structures are visible with better contrast with
the first harmonic reflectivity map (Figure 6.2c). It shows the optical-topography probed
by the nanoscale-enhanced optical near-field. However, it also contains additional back-
ground noises. The vibration of the tip partially modulates the intensity of the laser beam
because the tip lies in the path of the laser beam. This shadowing effect adds to the first
harmonic reflectivity in addition to the enhanced optical near-field reflected signal. To get
rid of this, we detect reflectivity at the second harmonic of the tip vibration frequency.
This signal contains the purely nanoscale near-field component, enabling us to construct
well-resolved optical topography of the structures (Figure 6.2d).

Figure 6.2: (a) AFM scan of 20 nm thick SiO2 consisting of 1.5µm×1.5µm square structures. (b-
d) The optical topography of the same structure constructed with d.c., first and second harmonics
component of the reflected laser beam, respectively.

6.1.2 Lateral size of the nanoscale optical near-field enhancement

To estimate the lateral size of the AFM tip apex and the nanoscale near-field, we take a line
scan near an edge of 20 nm thick SiO2. The derivative of the line scan reveals the FWHM
of the tip apex to be 30 nm (Figure 6.3). The nanoscale optical near-field enhancement is
spread across similar length (≈31 nm).
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6.2. Laser heating-induced temperature gradient at the nanoscale

Figure 6.3: (a) AFM line scan near an edge of 20 nm thick SiO2, a fit to an error function (blue,
left axis), and the derivative of the fit to the line scan (right, green axis). (b) Same as in (a) for the
simultaneously measured reflectivity at the second harmonics of the tip vibration frequency.

6.2 Laser heating-induced temperature gradient at the nanoscale

We again use COMSOL multi-physics to estimate the spatial and temporal temperature
distribution in a CoFeB film subjected to illumination by a nanoscale-sized laser beam. In
this case, the laser intensity is modeled as a Gaussian distribution with a FWHM of 30 nm
(lateral size of the enhanced optical near-field). The energy density for an absorbed laser
power of 3.5 µW is shown in Figure 6.4a. Simulated results show that the nanoscale
heating increases the film temperature by ≈0.5 K(Figure 6.4b).

Figure 6.4: (a) Energy density distribution in the CoFeB film from the absorption of 3.5 µw Gaus-
sian laser beam with a FWHM of 30 nm. The distribution is shown for t = T/4. (b) The film
temperature at t = T/4.

6.2.1 Magnitude and time dependence of the nanoscale OOP temperature gradient

We extract a line graph along the film thickness that shows a temperature difference of
≈0.05 K across the 15 nm thick film (Figure 6.5a). This amounts to an OOP temperature
gradient of ∇zT = 4× 106 K/m at the center of the nanoscale optical near-field. The
second harmonics of typical AFM tip vibration frequency is ≈580 KHz. To confirm if
modulation of the temperature gradient at this frequency is possible, we show the time
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dependence of ∇zT (Figure 6.5a). It follows laser intensity modulation at ≈580 KHz,
implying that heat diffusion is fast enough to modulate the temperature gradient at the
second harmonics of the tip vibration frequency.

Figure 6.5: (a) Line graph of CoFeB film temperature subjected to laser-induced heating at the
nanoscale. (b) Time dependence of OPP temperature gradient ∇zT .

6.2.2 ANE signal from the near-field induced OOP temperature gradient

We utilize near-field induced OOP temperature gradient for scanning ANE (NF-SANE)
measurements. We use a 15 nm CoFeB film patterned into a 2 µm wide wire for this.
Since the spatial extent of ∇zT in NF-SANE is smaller (nanoscale) relative to that in
SANE (micro-scale), the resulting ANE voltage is also expected to be smaller. A narrower
wire is utilized to increase the magnitude of the measured ANE voltage (see equation
(5.9)). A magnetic field of ±5 mT is applied to saturate the magnetization along the wire

Figure 6.6: (a) Schematic illustration of the NF-SANE method. (b) AFM topographic scan of the
CoFeB device showing 2 µm wide wire structure. (c,d) ANE signal is demodulated at the second
harmonics of the tip vibration frequency. The two images show scans under the application of a
transverse 5 mT and −5 mT magnetic field, respectively.

width (Figure 6.6a). An AFM scan reveals the topography of the device near the wire
structure (Figure 6.6b). Simultaneously measured ANE voltage is demodulated at the
second harmonics of the tip vibration frequency. The resulting map is shown in Figure
6.6c,d. An ANE signal of ≈40 nV is generated when the tip hits the wire structure. The
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magnetic origin of the signal is confirmed by its sign reversal with respect to the direction
change of the applied 5 mT magnetic field.

6.3 Radial distribution of nanoscale OOP temperature gradient

6.3.1 Based on the COMSOL simulation

A line graph of the simulated temperature at the two surfaces of the CoFeB film is shown
in Figure 6.7a. The radial spread of the temperature is larger than the near-field laser
intensity distribution. This is similar to the SANE case. Moreover, the OOP temperature
gradient has a FWHM of 38 nm (Figure 6.7b); this is 26% larger than the FWHM of
the laser intensity distribution. This result is in contrast to the SANE case, where the
difference between the two was only 3%.

Figure 6.7: (a) Line graph of the simulated temperature distribution in radial direction. The left
blue axis shows the temperature at the top and bottom surfaces of the CoFeB film. The right green
axis shows the near-field laser intensity distribution in the radial direction. (b) Line graph of OOP
temperature gradient in the radial direction (blue, left axis), and laser intensity distribution (green,
right axis).

6.3.2 Based on the experimental results

We experimentally determine the radial distribution of nanoscale ∇zT by imaging a mag-
netic structure of the Landau pattern with NF-SANE. For this, we use a 3µm×3µm slab
of CoFeB film with a thickness of 45 nm. 500 nm wide contact wire at the top and bottom
allows to detect the ANE signal. In comparison to the SANE case, a smaller structure is
used here to maximize the magnitude of the measured ANE signal. This structure forms
a Landau pattern in the remanent state as shown with the micro-magnetic simulation (Ap-
pendix A.5)

6.3.2.1 Imaging magnetic vortex with NF-SANE microscopy

In order to perform NF-SANE-based magnetic domain imaging of the remanent state of
the sample, it was mounted to a removable chip carrier (see methods). The chip carrier
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was placed near a Neodymium board magnet to saturate the CoFeB slab magnetization
along the device width. Removal of the magnet creates the Landau pattern in remanence.
Subsequently, the chip carrier was mounted to the AFM stage for the NF-SANE scanning
measurement. An AFM scan performed in the step size of 100 nm shows the topogra-
phy of the CoFeB device structure (Figure 6.8a). The simultaneously measured second
harmonics ANE Signal reveals the Landau pattern (Figure 6.8b). A higher pixel density
scan (in the smaller step size of 12 nm) surrounding the vortex shows the pattern with
better spatial resolution (Figure 6.8c). Here, the magnitude of the ANE signal (≈25 nV)
is smaller relative to ≈40 nV in Figure 6.6. This is due to smaller magnetization in the
remanent state relative to that of the saturated case in the presence of 5 mT applied mag-
netic field. The lock-in noise at the detection frequency of ≈580 kHz is 10 nV. Though
the SNR of ≈ 2 is low, we have been able to reproduce the observed magnetic patterns.
Repetition of the NF-SANE scan surrounding the vortex core (Figure 6.9a) reveals the
same pattern as that in Figure 6.8c. Further supporting NF-SANE scans of the Landau
pattern are shown in Appendix A.5.

Figure 6.8: (a) AFM height scan of 3µm × 3µm CoFeB slab film with a thickness of 45 nm.
The slab is fashioned with 500 nm wide contact wires at the top and bottom. (b) Simultaneously
measured second harmonic ANE signal, revealing the landau pattern. The outline of the device
structure is shown with the dotted lines. (c) A higher resolution NF-SANE scan in the region is
shown by the inner square in (b).

6.3.3 NF-SANE line scan across the magnetic vortex

To determine the radial distribution of ∇zT , we take an ANE line scan through the vortex
core along the y-direction. The line scan is then fitted to an error function, following the
same procedure as in Figure 5.9. The derivative of the line scan reveals the distribution
of ∇zT to be a Gaussian with a FWHM of 76 nm. A line extract from the different sets
of measurements reveals a similar FWHM of 74 nm (see Appendix A.5), confirming the
reproducibility of the results. Thus, we conclude that the radial distribution nanoscale
∇zT to be a Gaussian with FWHM of ≈75 nm. This is larger than the expected value of
38 nm from the simulation results (Figure 6.7). The simulation was performed for a new
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AFM tip that had an apex with a FWHM of 30 nm. As the tip is utilized for the AFM
measurements, it gets broader. The higher FWHM of ∇zT is attributed to the broadening
of the tip.

Figure 6.9: (a) Repetition of the NF-SANE scan around the vortex core of the landau pattern
shown in Figure 6.8c. A line graph extracted along the dotted line in (a), a fit of the line scan to an
error function (blue, left axis), and the derivative of the fit to the line scan(right, green axis).

6.4 Conclusion

We demonstrated the magnetic origin of the optical near-field heating-induced ANE sig-
nal and imaged a well-known magnetic texture of a Landau pattern with the nanoscale
spatial resolution. Based on COMSOL simulation, we expect the lateral size of the OOP
temperature gradient to be only 25% higher than that of the optical near-field. In our
measurements, we find the radial distribution of the nanoscale OOP temperature gradient
to be a Gaussian with a FWHM of ≈75 nm.
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Chapter 7

SANE imaging for OOP magnetization

In the previous two Chapters, we showed that ANE voltage generated by an OOP temper-
ature gradient can be utilized to probe the IP-magnetization of a magnetic sample. Optical
near-field induced laser heating allows to perform spatially resolved ANE measurements
at the nanoscale. ANE signal has also been used to characterize the OOP-magnetized
samples by measuring the ANE voltage generated by the IP temperature gradient (Fig-
ure 7.1). However, reports on spatially resolved ANE measurement in OOP-magnetized
material are very limited [56, 58, 61]. Some reports suggest that the ANE response of
laser heating-induced IP temperature gradient is negligible [60]. Here, we systematically
study the nature of laser heating-induced IP temperature gradient and show that it can be
utilized to image magnetic domains in OOP-magnetized magnetic nanowires.

Figure 7.1: Schematic illustration of the ANE method for OOP-magnetized samples: The sample
is magnetized OOP, as shown by the orange arrow. An IP temperature gradient is created along the
wire width (shown by the red arrow). The ANE response generated transverse to both the gradient
and the magnetization is measured along the wire length.

7.1 Laser heating-induced IP temperature gradient

We demonstrated that radial intensity distribution at the laser focal spot is a Gaussian.
That would mean that laser heating is higher at the focal spot center that decays away
from the center. This would result in an IP temperature gradient.
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7.1.1 Spatial distribution of the IP gradient

To understand the nature of the IP gradient, we show the simulated results for the radial
distribution of the temperature subjected to near-field heating (Figure 7.2a). Its spatial
derivative gives us the radial distribution of the IP temperature gradient (∇xT ) (Figure
7.2b). The gradient is spatially nonuniform and asymmetric about the laser spot center.

Figure 7.2: (a) Line extract from Figure 6.4b showing the film temperature in the x-direction.
(b) The IP temperature gradient in the x-direction obtained by numerically computing the spatial
derivative of the film temperature in (a).

7.1.2 Magnitude of the IP gradient

Since ∇xT is an odd function of x, the average IP temperature gradient is expected to be
zero. However, the maximum value of the IP gradient is ≈7 × 106 K/m, which is larger
than the average OPP temperature gradient (Figure 6.5).

7.2 ANE signal from laser heating-induced IP temperature gradient

We use the generalized equation (5.16) to deduce the expression for the ANE signal that
is generated by a spatially nonuniform IP temperature gradient. For OOP-magnetized
sample Mx is zero, this leaves with only one term in equation (5.16) as follows:

VANE =
µ ·SANE

w

∫ w

0

∫ l

0
mz∇xT (x,y)dxdy (7.1)

While ∇xT (x,y) is an odd function of x with respect to the laser spot center, it’s an even
function of y that decreases in magnitude when moving away from the center, similar to
the radial distribution of ∇zT . For the simplification and qualitative analysis, we assume
∇xT (x,y) is nonzero only over a distance of lspot in the y-direction, with a constant value
of ∇xT (x), simplifying equation (7.1) as follows:

VANE =
µ0 ·SANE · lspot

w

∫ w

0
mz∇xT (x)dx (7.2)
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7.2. ANE signal from laser heating-induced IP temperature gradient

For the further analysis we consider two separate cases as following:

1. Uniform mz underneath the laser spot: In this case, equation (7.2) can be further
simplified,

VANE = µ0 ·SANE · lspot ·mz ·∇avg
x T (7.3)

Where ∇
avg
x T =

∫ w
0

∇xT
w dx is the average IP temperature in the x-direction across the

wire width. When the laser spot completely illuminates the magnetic film, ∇
avg
x T

is zero (Figure 7.3a). In this case, no ANE signal is expected. However, partially
illuminating the film at the edges gives nonzero ∇

avg
x T with an opposite sign at the

two edges (Figure 7.3b). Here, we expect a nonzero ANE signal that is proportional
to mz.

2. A magnetic domain wall underneath the laser spot: When mz underneath the
laser spot is nonuniform, the ANE signal depends on the spatial distribution of mz.
It is to be calculated using equation (7.2). For the qualitative analysis, we consider
the simpler case when the middle of the laser spot lies on a domain wall. behavior
the spot with ∇

avg
x T =DT illuminates the magnetic region with mz = 1, and the right

half of the spot with ∇
avg
x T = −DT illuminates the magnetic region with mz = −1

(Figure 7.3c). In this case, the net ANE signal would be an average of the ANE
signal generated by two regions:

VANE =
µ0 ·SANE · lspot ·1 ·DT +µ0 ·SANE · lspot ·−1 ·−DT

2
(7.4)

= µ0 ·SANE · lspot ·DT (7.5)

From Equation (7.5), we expect a positive ANE signal in this case. Similarly, for
the case in Figure 7.3d, VANE =−µ0 ·SANE · lspot ·DT would be negative.

Figure 7.3: (a) Schematics showing a laser beam illuminates the middle region of a magnetic thin
film. (b) The beam illuminates the film partially at the two edges. (c,d) The center of the laser
spot lies on a magnetic domain wall. behavior the laser spot illuminates the magnetic region with
mz = 1 in (c) and with mz =−1 in (d).
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7.3 NF-SANE imaging of an OOP-magnetized sample

To verify the assertions in section 7.2, we study an OOP-magnetized film with the NF-
SANE microscopy.

7.3.1 Sample characterization

We use a Co/Ni multi-stack film sputter deposited on a sapphire substrate (see methods
for details). The film has a perpendicular magneto anisotropy, as shown by the magnetic
characterization using vibrating sample magnetometry. It shows hysteresis behaviour in
an OOP-applied magnetic field with a coercivity of ≈8 mT (Figure 7.4b).

Figure 7.4: (a) Schematic of the Co/Ni multi-stack. (b) VSM measurements of the Co/Ni multi-
stack film in an OOP applied magnetic field.

7.3.2 NF-SANE scanning measurements

In order to perform electrical measurements, the film is patterned into a device structure
having a 700 nm wide nanowire structure. Applying a decaying a.c. magnetic field creates
a multi-domain state in the remanence. The nanowire section of the device contains four
domain walls, as shown by the polar Kerr microscope (Figure 7.5a). Subsequently, the
same magnetic structure is investigated with the NF-SANE microscopy. First, we analyze
the region surrounding the domain wall #2, as shown schematically in Figure 7.5c. Dif-
ferent regions of interest are marked as R1-R6. R1 and R3 are characterized by magnetic
regions with the magnetization pointing upwards. This gives a negative ANE voltage due
to a negative ∇

avg
x T in R1 that lies at the left edge, and a positive ANE voltage due to

a positive ∇
avg
x T in R3 at the right edge (Figure 7.5c). The magnetization points down-

wards in R2 and R4. The sign of the ANE signal in the region R4 is opposite to that in
the region R3 due to the opposite sign of the magnetization, the same is the case between
the region R1 and the region R2. This shows that we observe an ANE signal at the edges
of the OOP-magnetized nanowires that is proportional to the magnetization. Region R6
contains a magnetic domain wall; here, the left part of the laser spot with a positive ∇

avg
x T

partially illuminates the region with the magnetization pointing upwards, and the right
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7.3. NF-SANE imaging of an OOP-magnetized sample

part of the spot with a negative ∇
avg
x T illuminates the region with downward magnetiza-

tion. This is similar to the scenario depicted in Figure 7.3c. We observe a positive ANE
signal in the region R6 as expected. NF-SANE scan in the larger part of the nanowire
containing domain wall #2 and #3 is shown in Figure 7.5d. Domain wall #3 has a change
in magnetization from downwards to upwards across the nanowire width, similar to the
case in Figure 7.3d. We observe a negative ANE signal at this domain wall, as expected.

Magnetic nanowires utilized in commercial devices contain multi-domain states of
OOP-magnetized materials. Along the length of the nanowire, they have the regions of
uniformly magnetized upwards and regions of uniformly downwards magnetized state
separated by domain walls. It is crucial to map out these multi-domain states. For such
cases, we can numerically integrate the observed ANE signal across the wire width to
obtain a signal that is proportional to the magnetization. The result of this procedure is
shown in the grey scale images Figure 7.5e,f, directly reflecting the domain structure in
the wire.

Figure 7.5: (a) Multi-domain state of PMA sample shown with the polar Kerr microscope. The
nanowire section of the device consists of 4 domain walls marked as 1 to 4. (b) Schematic illus-
tration of the magnetic states in the region surrounding the domain wall #2. (c) A NF-SANE scan
of the magnetic nanowire in the region shown in (b). (d) A NF-SANE scan of the nanowire in the
region surrounding the domain walls #2 and #3. (e) ANE signal in (d) is integrated along the wire
width. (f) Same as (d,e) for the NF-SANE scan across the full length of the magnetic nanowire.

Finally, we discuss region R5, consisting of a domain wall along the wire length at
the right edge. Since at the edges, the ANE signal is directly proportional to the OOP
magnetization; we make an ANE line scan to determine the spatial distribution of the
temperature gradient similar to Figure 6.9. We thereby find a spatial resolution of 66 nm
for the NF-SANE microscope (Figure 7.6a).

In order to further confirm that the observed contrast with NF-SANE corresponds to
the magnetic domain structure of the nanowire, we created a different magnetic domain
structure in the nanowire, as shown with the polar Kerr microscope in Figure 7.6b. Sub-
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sequent scan with the NF-SANE reveals the same magnetic domain structure as the one
observed by the Kerr microscope Figure 7.6c,d.

Figure 7.6: (a) ANE line scan in y direction in the region R5 (blue data points), a fit to an error
function (black line), and the derivative of the fitted line scan (the left, blue axis). (b) A different
multi-domain state created in the same PMA sample is shown with the polar Kerr microscope.
Here also, the nanowire section of the device consists of 4 domain walls marked as 1 to 4. (c,d)
NF-SANE measurements of the same magnetic structure. The measurements performed in the full
wire length are shown in (c), while a higher pixel density scan in the region consisting of domain
walls #1, #2,#3 is shown in (d).

7.4 Conclusion

We have demonstrated the applicability of SANE imaging for mapping magnetic domains
in OOP-magnetized materials. We observe an ANE signal near the edges of the wire
structures that is proportional to OOP magnetization. This results from a net average
IP temperature gradient due to partial illumination of the wire structure at the edges.
The average net IP temperature gradient vanishes when going away from the edges at
a distance larger than the laser focal spot size. Here, no ANE signal is expected from
a uniform magnetization. However, a nonuniform magnetization results in a nonzero
ANE signal that relates to the magnetization gradient. This signal can be used to image
magnetic domain structures similarly as it has been done with the Lorentz force-based
transmission electron microscopy [123–125].
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Noncollinear antiferromagnets
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Chapter 8

Field-induced switching in NCAF

In the previous three Chapters, we demonstrated how the Berry curvature-driven ANE
response can be utilized to detect the magnetic state of a ferromagnet. Studying well-
understood magnetic structures of ferromagnets allowed us to infer the characteristics of
these newly established measurement techniques. Here, we extend the method to non-
collinear antiferromagnets for visualizing magnetic domains in a thin film of Mn3Sn. As
discussed in Chapter 2, applying a magnetic field in the Kagome plane Mn3Sn allows
to manipulate its magnetic ordering with six remanent states. These states can be char-
acterized by a magnetic order parameter vector. We visualize field-induced switching
into these different remanent states by detecting two orthogonal components of the order
parameter vector. While such studies had previously been performed at the micrometer
scale [55, 56], our analysis at the sub-micrometer resolution indicates that the method is
affected by a nonmagnetic signal. We identify the source of such a nonmagnetic back-
ground and verify the extracted magnetic signal with the MOKE measurements. We use
an optical-near-field to visualize the switching down to the nanoscale regime. Here, we
observe that the magnetic contrast is spatially nonuniform, with some regions showing
negligible magnetic signals. A similar observation was made in another contemporary
work [60] that attributed these nonswitching regions corresponding to magnetic domains
with a perpendicular magnetic anisotropy. Our detailed analysis indicates that such a spa-
tially nonuniform magnetic contrast results from domain pinning.

In the first Section, we briefly mention a few relevant characteristics of the sample
being studied. This is followed by details of the method for detecting magnetic states of
Mn3Sn using an ANE signal. A systematic ANE study showing the effect of the film tem-
perature and magnetic field strength is discussed in the third Section. Magnetic domain
imaging experiments at the sub-micrometer and nanoscale regimes are shown in the next
two Sections.

8.1 Sample characterization

We demonstrate the magnetic field-induced switching in a NCAF by utilizing a 60 nm
thick Mn3Sn film grown on a MgO (111) substrate (see methods for the growth details).
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A 4 nm thick Ru buffer layer was used that establishes an epitaxial growth of the Mn3Sn
films. We perform XRD 2θ - and φ -scans to verify a well-ordered and epitaxial growth of
the film. Here, θ refers to the angle of the incident X-ray beam with respect to the plane
of the sample, and φ is the in-plane angle of the beam (see methods Section 3.6). The
XRD 2θ -scan of the film shows that only the (000L) family of the peaks are present for
Ru and Mn3Sn, implying a c-axis growth (Figure 8.1a). Moreover, the azimuthal φ -scan
shows a six-fold symmetry for Ru and Mn3Sn (Figure 8.1b), as expected for a hexagonal
crystal structure. This six-fold symmetric φ -scan confirms the well-ordered orientation of
the grains and an epitaxial relation between Ru and Mn3Sn.

Figure 8.1: (a) XRD 2θ scan of the Mn3Sn film with a Ru buffer layer grown on a MgO (111)
substrate. (b) Azimuthal φ -scans of the MgO{200}, Ru{101̄1}, and Mn3Sn{202̄1} peaks.

8.2 ANE-based readout for the NCAFs

For the ANE-based magnetic characterization of FMs, an ANE response originating from
off-diagonal elements of the anomalous Nernst conductivity tensor was utilized. In anal-
ogy to FMs, where the magnetization is a symmetry-breaking order parameter, the trans-
port response of the NCAFs can be determined in terms of a cluster octupole moment, as
theoretically demonstrated by Suzuki et al. [93]. We investigate six remanent magnetic
states of Mn3Sn as described in Section 2.2.3. ANE response of these magnetic states is
determined by an associated magnetic order parameter that we show in the next subsec-
tion.

8.2.1 Magnetic order parameter for the noncollinear antiferromagnets

For our c-axis oriented film, the Kagome plane of Mn3Sn lies in the plane of the film,
which is sketched in a top view as shown in Figure 8.2. As discussed in Chapter 2 the
moments of the Mn atoms rotate following a magnetic field applied in the Kagome plane.
Three easy axes allow for six different magnetic states in remanence marked by MS1±,
MS2±, and MS3± (Figure 8.2). The magnetic space groups for MS1+ with clusters of
magnetic octupole moments are the same as those of a ferromagnet with magnetization
along x̂ [93]. Therefore, the transport response of MS1+ would be similar to that of
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a ferromagnet magnetized along the positive x-direction (see Section 2.4). Similarly,
five other remanent states can be characterized by an associated magnetic octupole order
parameter (MOOP) vector as indicated by the respective arrow directions (Figure 8.2).

Figure 8.2: Top view of the Mn3Sn crystal structure showing Mn atoms at z=0 and z=1/2 planes.
The wider arrows show the associated MOOP vector for the six different remanent magnetic states
of Mn3Sn.

8.2.2 Magnetic octupole order parameter driven ANE response in NCAFs

In terms of the MOOP vector (M), the ANE-induced electrical response can be written as
the following:

EANE ∝ ∇T ×M (8.1)

For our c-axis oriented film, the MOOP is IP-polarized (M = Mxx̂+Myŷ); thus, the IP
component of EANE is generated by only OOP temperature gradient ∇zT , given as,

EANE ∝ My ·∇zT · x̂+Mx ·∇zT ·ŷ (8.2)

To measure the ANE response, the Mn3Sn film is patterned into a 10 µm wide wire (Figure
8.3b). A laser beam with a power of 1 mW and a wavelength of 532 nm is focused on the
wire using an objective lens (Figure 8.3b). The resulting ANE response is detected by
measuring the ANE-induced voltage in the wire oriented along the y-direction (Vy),

Vy ∝ Mx ·∇zT (8.3)
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Thus, the measurement of Vy allows us to deduce the x-component of the MOOP vector
(Mx). A magnetic field (H) is applied along the x-direction to switch the MOOP vector
along the x-direction (Figure 8.3c).

Figure 8.3: (a) Illustration of the ANE microscope: ANE response generated by a laser heating-
induced OOP temperature gradient is used to sense the IP-polarized MOOP. (b) Schematic of
the device structure and a magnetic field applied along the wire width. (c) Effect of an applied
magnetic field along x̂ and -x̂ on the MOOP orientation.

8.3 Role of heating in switching of NCAFs

In the first set of measurements, we study the effect of the magnetic field strength and
the film temperature on the switching efficiency. Our optical setup limits us by the field
strength of 900 mT. The coercivity of our Mn3Sn sample is expected to be larger than 1 T
[55], resulting in a negligible switching with an applied field of up to 900 mT. However,
at an elevated temperature of 125 °C, a significant switching is observed in a Mn3Sn film
grown using similar growth parameters [55]. We measure Vy at the film temperature T
and in the presence of a field H applied along x̂. We define a switching parameter in % as
(ξ ),

ξ
+(H,T ) =

Vy(H,T )−Vy(−900mT,125◦C)
Vy(900mT,125◦C)−Vy(−900mT,125◦C)

×100 (8.4)

ξ+(H,T ) reflects the switching effect of a positive applied field H applied at the film
temperature of T . Before each measurement, the MOOP vectors were aligned along −x̂
by applying a −900 mT field at 125 °C. The switching is normalised with respect to the
switching induced by a 900 mT field at 125 °C. Similarly, the effect of a negative field H
at the film temperature of T is studied in terms of ξ− defined as,

ξ
−(H,T ) =

Vy(H,T )−Vy(900mT,125◦C)
Vy(900mT,125◦C)−Vy(−900mT,125◦C)

×100 (8.5)

Here, the MOOP vectors were aligned along x̂ before each measurement. ξ± as a function
of H,T is shown with a phase diagram in Figure 8.4a. The phase diagram depicts that the
coercivity is reduced to ≈200 mT at 125°, it increases at lower temperatures and reaches
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a value larger than 1T at 90 °C. We study switching induced by 900 mT for a broader
temperature range. It induces negligible switching at room temperature (Figure 8.4b).
The switching percentage increases with temperature and saturates at 125 °C, which is
close to the Néel temperature of Mn3Sn (150 °C). Thus, the magnetic state defined by
cooling the film from 125 °C to room temperature in the presence of an applied field is
expected to be stable, i.e. the magnetic state read at zero field and at room temperature
after following this field cooling procedure would be the same as the one in the presence
of the magnetic field at 125 °C.

Figure 8.4: (a) Phase diagram showing switching percentage at different applied magnetic fields
and the film temperature. (b) Switching percentage induced by applying a 900 mT at the different
films temperature.

8.4 Magnetic domains in NCAFs at the sub-micrometer scale

We perform spatially resolved SANE measurements to visualise magnetic domains in our
Mn3Sn devices. Magnetic domains are imaged after field cooling the film in the presence
of ±1.3 T magnetic field. This field cooling procedure switches the MOOP vector along
x̂ and −̂x for the applied field of 1.3 T and −1.3 T. The switching is reflected in the sign
reversal of the measured voltage Vy in the majority of the region(Figure 8.5a,b). There
are small areas where the sign of Vy is insensitive to the field direction. We attribute
these regions with the field-independent signal to be the regions with a grain boundary
or the regions with domain pinning. Domain pinning would result in a field-independent
ANE voltage (V FI

ANE), while grain boundaries result in a nonmagnetic Seebeck-effect (SE)
voltage (V NM

SE ) [60], see Appendix A.2, B.2. The magnetic field-dependent ANE signal
(V M

ANE) can be separated by subtracting two images where the MOOP is field polarized in
opposite directions (Figure 8.5c). Similarly, by adding these images, we obtain a spatial
map of the field-independent contributions (Figure 8.5d). The resulting map reveals that
there is a significant field-independent contribution (V FI = V FI

ANE +V NM
SE ). It is present

throughout the wire structure, and its signal polarity is bipolar. V FI is superimposed with
V M

ANE in the measured voltage Vy. When the device is field cooled in the presence of a
positive (negative) field, the magnetic order switching results in red (blue) contrasts in the
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majority of the regions where V M
ANE is larger than V FI, except in small regions where the

magnitude of V FI is relatively higher. Previously, similar SANE imaging measurements

Figure 8.5: (a,b) Spatially resolved scanning ANE measurements of in Mn3Sn wire structure after
field cooling the device in the presence of ±1.3 T magnetic field, respectively. These measurements
were performed by scanning the wire structure underneath a laser beam focused using an objective
lens with a numerical aperture of 0.7. (c) Vy in (b) at each pixel is subtracted from that in (a).
Before the subtraction, the two images were carefully aligned. The subtracted value at each pixel
is divided by two. (d) Vy in (a,b) are averaged at each pixel.

were performed to observe field-induced switching in Mn3Sn at the micrometre scale
[55, 56]. Our analysis at the sub-micrometer scale reveals that the method is affected by
a field-independent nonmagnetic signal contribution in addition to the magnetic contrast.
We verify the magnetic contribution by constructing a hysteresis loop based on the ANE
signal and comparing it with the hysteresis loop obtained using longitudinal MOKE.

We perform an ANE scan over a 10µm× 20µm area of the wire at different applied
fields and at the film temperature of 125 °C. The laser beam is focused with the NA=0.4
objective lens to minimise the field- and temperature-induced drifts. A smaller NA lens
provides a larger spot size, thus requiring a smaller number of measurements steps that
reduces the measurement time. At an applied field of −900 mT, the MOOP vectors are ori-
ented along −x̂ (Figure 8.6a). The MOOP vectors retain this orientation in the remanence
with a reduced ANE signal (Figure 8.6b). As the field along x̂ is increased in magnitude,
the MOOP vectors gradually reorient along x̂ (Figure 8.6c,d,h,g,f). The domains retain
this orientation even when the field is reduced in strength (Figure 8.6e). A field along −x̂
with increasing strength gradually reorients the MOOP vector along −x̂ (Figure 8.6i-l).
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Figure 8.6: Magnetic domain images in Mn3Sn wire structure at different applied magnetic fields
and at the film temperature of 125 °C.

The average value of Vy as a function of the applied magnetic field gives us the ANE-
based hysteresis loop (Figure 8.7a). Here, the field dependence of the signal corresponds
to the switching of the magnetic order. This is further validated by a longitudinal MOKE-
based hysteresis loop that shows similar coercivity (Figure 8.7b). The ANE-based hys-

Figure 8.7: (a) ANE-based hysteresis. (b) Hysteresis loop at the film temperature of 125 °C ob-
tained by longitudinal MOKE.

teresis shows an offset in Vy. The field-independent contribution either through the non-
magnetic Seebeck effect V NM

SE , or as a result of partial field-induced switching V FI
ANE can

cause this offset. A nonmagnetic signal in such opto-electrical measurements results
from a well-understood Seebeck effect-induced thermoelectric voltage [126]. We show
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that such a signal arises in our measurements at the grain boundaries due to different
Seebeck coefficients of the grains (Appendix A.2, B.2). To investigate the presence of
field-independent ANE signal V FI

ANE, we study the angular dependence of the measured
signal. This set of measurements is performed in a device consisting of wire structures
oriented along the x- and y-axis (Figure 8.8a). The measured voltage signal in the hor-
izontal (Vx ∝ My) and the vertical arms (Vy ∝ Mx) allows us to deduce two orthogonal
components of the MOOP vector (see equation (8.2)). We switch the MOOP orientation
by field-cooling the film in the presence of a 1.3 T magnetic field applied at different IP
angles (θ ). The average measured voltage in the two arms Vx (Vy), directly proportional
to My (Mx) are plotted against θ (Figure 8.8c). The observed 90° phase gap between Vx

and Vy confirms that they relate to two orthogonal components of M. Both Vx and Vy are
dependent on θ . That would mean that for an applied IP field at an angle θ , the MOOP
vector reorients at an IP angle θ1 (Figure 8.8b).

Figure 8.8: (a) Device structure shown schematically. MOOP vector is switched by applying an
IP magnetic field at angle of θ . (b) Reorientation of the magnetic order with IP applied field. (c)
Average Vx and Vy as a function of θ .

We demonstrate this further by spatially resolved measurements. Orientation of the
MOOP vector along x̂ by applying IP field along θ = 0 results in positive Mx. This is
indicated by dominant red contrast in the vertical arm of the device due to the ANE signal
from positive Mx (Figure 8.9a). In this case, My is zero. Thus, no ANE signal is expected
in the horizontal arm. This reflects in arbitrary bipolar contrast due to V FI in the horizontal
arm. Applying the field at θ = 45◦ results in both Mx and My being positive, as observed
by dominant red contrast in both arms (Figure 8.9b). Applying the field along θ = 90◦

reorients the MOOP along positive y-direction. This changes the contrast in the vertical
arm from dominant red to V FI-like bipolar pattern (Figure 8.9c). Similarly, the field at
θ = 135◦ results in positive My and negative Mx (Figure 8.9d).

In contrast to uni-axial magnetic materials, Mn3Sn possesses three easy axes along〈
2̄1̄10

〉
directions [70, 127, 128].This means that there is an easy direction in the film’s

plane at every 60°. An applied IP field at angle θ results in the reorientation of the MOOP
vector along θ1 (Figure 8.8b). This orientation is likely to correspond to one of the nearest
easy-switching directions. This is because the maximum separation between the field and
easy directions would be 60°. Thus, the strength of the projection of 1.3 T applied field
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Figure 8.9: Spatially resolved ANE measurement in a cross-shaped Mn3Sn device. The left ver-
tical panel shows a scan over a 15 µm×30 µm region in the vertical wire structure; the right hori-
zontal panel shows a 30 µm×15 µm region of the horizontal arm. The scans were performed after
field cooling the device in the presence of a 1.3 T IP applied filed at different angles. (a) θ = 0◦.
(b) θ = 45◦. (c) θ = 90◦. (d) θ = 135◦.

along the easy direction would be at least 1.3T×cos(60◦) = 650mT, which is larger than
the coercivity. However, if this process achieved complete switching, the magnitude of
M (M =

√
M2

x +M2
y ∝ V =

√
V 2

x +V 2
y ) would not be dependent on θ . Instead, V has a

minimum at θ = 180◦. This indicates that the magnetic field induces a partial switching,
and the population of domains pinned along x̂ is relatively higher.

8.5 Magnetic domains in Mn3Sn at the nanoscale

The sub-micrometre domain imaging in previous Sections reveals that the magnetic do-
main size is smaller than the spot size of the focused laser beam (≈760 nm). To un-
derstand the switching behaviour of the domain at the nanoscale, we employ NF-SANE
microscope to image magnetic domains in a Mn3Sn nanowire. For this, the film is pat-
terned into a device consisting of a 300nm×10µm wire structure. The device is mounted
onto a mobile chip carrier that can be placed in an external magnet with a heater. The
magnetic domains are switched by cooling the film in the presence of a magnetic field ap-
plied along the nanowire width. ANE-induced voltage in the nanowire is measured while
the sample underneath the AFM tip is illuminated with a laser beam (Figure 8.10a).

Magnetic domain images after field cooling in the presence of ±1.3 T magnetic field
are shown in (Figure 8.10b,c). Subtracting and adding them gives magnetic and field-
independent contributions, respectively (Figure 8.10d,e). Simultaneously measured to-
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pography allows us to correlate field-independent V FI signal with the granular structure
of the device (Figure 8.10f). The regions with a larger V FI in (Figure 8.10e) correspond to
the region in the vicinity of the grains as shown with the AFM topography (Figure 8.10f).
This shows that one of the contributions to V FI is from the Seebeck effect-induced voltage
V NM

SE .

Figure 8.10: (a) Schematic illustration of the ANE-based near-field imaging in Mn3Sn. A
nanowire underneath the AFM tip is illuminated with a laser beam with a power of 25 mW and
with a wavelength of 8 µm. The thermal voltage generated by the enhanced near field is detected
by demodulating Vy at the second harmonics of the tip vibration frequency.(b,c) Spatially resolved
near-field scanning ANE measured after field cooling the device in the presence of ±1.3 T mag-
netic field, respectively. The scanning was performed in a step size of 50 nm. (d) Map of the
magnetic contribution to the measured signal. (e) Field-independent contribution to the measured
voltage. (f) AFM topography of the device structure. The scan was recorded simultaneously, while
performing scanning ANE measurements shown in (c).

In order to further investigate the field-independent contribution, we zoom in on a re-
gion containing a few grains, as marked by dotted square in Figure 8.10f. This is done by
performing the scan in a smaller step size of 20 nm, giving higher pixel density. Magnetic
domains in Mn3Sn are thereby imaged with NF-SANE resolution of ≈70 nm. In addi-
tion to a relatively higher V FI near the grain, a nonzero V FI is observed away from the
grains as well (Figure 8.11d,e). We attribute this to be the result of domain pinning giving
field-independent ANE signal V FI

ANE. Furthermore, field-dependent magnetic contribution
is spatially nonuniform (Figure 8.10d, Figure 8.11c). This, too, suggests that the mag-
netic field induces partial switching, resulting a smaller V M

ANE in the region with smaller
switching. This observation is similar to the switching behaviour of collinear antiferro-
magnets observed using high-resolution photoemission electron microscopy. In that case,
current-induced spin-orbit-torque in CuMnAs [129] and Mn2Au [130], as well as applied
magnetic fields of up to 70 T in Mn2Au [131], show a partial switching.
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Figure 8.11: Near-field scanning measurements performed in a step size of 20 nm. (a,b) After
field cooling in a ±1.3 T magnetic field, respectively. (c) Field-dependent contribution (d) Field-
independent contribution. (e) AFM topography.

8.6 Discussion

We showed that the coercivity of Mn3Sn is sensitive to the film temperature. By heating
the film close to the ordering temperature, a small magnetic field on the order of 100 mT
can alter the magnetic order. Due to the finite resistance of the Mn3Sn micro-wire struc-
tures (≈500 Ω), resistive heating by applying a current through the wire structure can
reduce the coercivity. We passed a current pulse through the wire to switch the magnetic
state in the Mn3Sn wire structure with an applied field of 900 mT (Appendix B1). Due
to resistive heating with the current pulse, this field could alter the magnetic state, which
otherwise induces negligible switching at room temperature. Several experiments based
on spin-orbit-torque switching require a high current density pulse [70, 132, 133], there-
fore the effect of the current-induced heating on the coercivity needs to be considered in
such experiments.

8.7 Conclusion

We demonstrated that the ANE response can be utilized to detect the magnetic state of a
noncollinear antiferromagnet with nanoscale spatial resolution. By systematically study-
ing the effect of the film temperature and the applied magnetic field, we show the role
of heating on the coercivity. Our analysis at the sub-micrometres reveals that the method
is affected by a nonmagnetic signal in addition to the magnetic contrast. We extract the
magnetic signal and verify it with the magneto-optical Kerr measurements. By detecting
two orthogonal components of the magnetic order parameter vector, we visualize differ-
ent magnetic states of Mn3Sn. Switching with an applied field at different angles in the
Kagome plane, as well as the nanoscale domain imaging, indicate partial field-induced
switching. This switching behaviour is similar to that of collinear antiferromagnets.
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Chapter 9

Conclusion and Outlook

We used laser heating-induced opto-electrical signals to probe the magnetic state of a sam-
ple in a spatially resolved manner. These signals are generated by Berry curvature-driven
optical or magnetotransport responses, which are related to the material’s magnetic states
but do not necessarily scale with the magnetization. For example, NCAFs show large op-
tical and magnetotransport responses despite barely any net magnetization. Therefore, the
results are significant for the rapidly growing field of chiral antiferromagnetic spintron-
ics. In the first step, we studied standard ferromagnetic materials with well-understood
magnetic properties to examine various characteristics of these methods.

Two of such responses studied in this thesis include the MCD effect. We showed that
HDP voltage generated by laser heating-induced MCD response can be used to detect
the magnetic states of the sample. Spatially resolved measurements of this HDP voltage
provide a magnetic domain image of the sample. A similar magneto-optical response
is the MOKE, which has been conventionally used to image domains in IP and OOP
magnetized samples. However, the Kerr-based imaging contains additional background
signals related to optical topography in addition to the magnetic contrast. In contrast, the
method presented here provides background-free imaging. The MCD effect utilized for
this method is shown to be present in NCAFs as well [41, 42]. Therefore, it would be
interesting to extend the method for visualizing magnetic structures of NCAFs.

The majority of the discussion presented in the thesis concerns the second method
based on ANE-driven response. We demonstrated that laser heating-induced temperature
gradient generates an ANE signal in FMs as well as NCAFs, and we verified the magnetic
origin of this signal. We performed spatially resolved measurements to image magnetic
domains of IP magnetized CoFeB films, and the observed magnetic contrast was corre-
lated with the magnetic domain images of the same sample obtained by a conventional
Kerr-based optical microscope. In a scanning probe microscope like here, the size of the
smallest resolvable feature is determined by the lateral size of the probe. Since the ANE
signal in an IP magnetized material is proportional to the average OOP temperature gra-
dient across the film thickness, we determined the lateral size of this average gradient.
This was done by reversing the problem and studying a well-defined magnetic structure
of a Landau pattern surrounding a magnetic vortex core. For a laser beam having a Gaus-
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sian laser intensity across its focal spot, we found that the OOP temperature gradient was
also a Gaussian with a FWHM of ≈760 nm. This was close to the FWHM of the laser
intensity distribution ≈740 nm. These results were further supported by the finite element
modeling simulations of the laser heating. The simulations also indicated that tempera-
ture spread due to laser heating is extended beyond the laser focal spot. In contrast, the
average temperature gradient across the 15 nm thick CoFeB film was found to be confined
to the laser focal spot.

We used an optical-near field underneath the apex of an AFM tip to further improve
the spatial resolution of the ANE microscope beyond the size of the laser focal spot. We
found the lateral size of the apex of the tip to be ≈30 nm, and the optical near-field being
confined on the same scale of approximately 31 nm. FEM simulation indicated that, in
this case, the FWHM of the OOP temperature gradient is expected to be 38 nm, which
is only 26% higher than the FWHM of the spatial distribution of optical near-field. In
experiments, we obtained a spatial resolution of the ANE measurements up to 56 nm.
This was due to the broadening of the tip apex. However, for a new tip with smaller apex
diameter of up to 20 nm, a scanning ANE measurement with a spatial resolution of up to
25 nm is possible.

We also demonstrated the applicability of SANE method for imaging magnetic do-
mains in OOP-magnetized materials. Partially illuminating an OOP magnetized wire
structure at the edges results in a net IP temperature gradient. This can be used to ob-
tain an ANE signal that is proportional to OOP magnetization. The net IP temperature
gradient vanishes away in the middle region of the wire structure. Here, a nonuniform
magnetization results in a nonzero ANE signal that relates to the gradient of OOP mag-
netization. Such an ANE signal can also be used for imaging magnetization gradients, as
it has been done by the Lorentz transmission electron microscopy.

We extended the ANE method to detect the magnetic state of a NCAF with nanoscale
spatial resolution. Our analysis at the sub-micrometres reveals that the method is affected
by a nonmagnetic signal in addition to the magnetic contrast. We extracted the magnetic
signal and verified it with the MOKE measurements. Here, the nonmagnetic contribution
originates from the differential Seebeck coefficients of two grains at the grain boundaries.
The granular structures are a consequence of the high-temperature annealing process that
is needed for the chemical ordering of the Mn3Sn compound. This also implies that
the nonmagnetic contribution is an inherent property of the prepared film and can be
removed by a background subtraction as it is done in differential Kerr imaging [134]. The
nonmagnetic background in the Kerr imaging results from the optical reflectivity of the
sample; its magnitude is much larger than the magnetic signal, and it is highly sensitive
to position of the sample. In contrast, the Seebeck effect-induced nonmagnetic signal in
ANE imaging is comparable in magnitude to the magnetic signal, and it is independent of
the sample position.

We showed the role of heating on the coercivity by systematically studying the effect
of the film temperature and the applied magnetic field on the switching percentage. Our
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analysis indicates that the coercivity is reduced to ≈100 mT at an elevated temperature
of 125 °C. This allows the manipulation of the stubborn magnet with a readily available
small magnetic field by applying a current pulse to heat the wire structure to an elevated
temperature.

Detecting two orthogonal components of the magnetic order parameter vector allowed
us to visualize different remanent magnetic states of Mn3Sn. Switching with an applied
field at different angles in the Kagome plane, as well as the nanoscale domain imaging, in-
dicate partial field-induced switching. This switching behaviour is similar to field-induced
switching of collinear antiferromagnets. Being able to visualize the partial switching can
be helpful for future experiments aiming to maximize the switching percentage of Mn3Sn
films.

Finally, we point out that apart from magnetic domain imaging, laser heating-induced
temperature gradient is a convenient and efficient tool for the ANE study of magnetic
materials. Here, the device fabrication for the measurement of ANE voltage requires a
one-step lithography process. The laser beam is absorbed in the film, which generates
a temperature gradient directly in the film. This is in contrast to resistive heating-based
ANE studies that require a multi-step lithography process, and the majority of the heat
energy is dissipated elsewhere [32, 33, 80]. Moreover, the magnitude of the ANE signal
scales inversely with the wire width of the device structure. Studying a narrower wire
with an ANE microscope gives a larger ANE signal.
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Appendix A

Scanning ANE microscope

A.1 Laser power dependence of the ANE signal

Figure A.1: (a) An ANE line scan across a 6 µm wide CoFeB wire structure at different laser
power. (b) Average ANE signal across the wire vs the laser power is plotted and the linear fit is
shown.

A.2 Nonmagnetic signal in ANE microscope

We discuss Seebeck effect induced thermal voltage (VSE) in the context of the scanning
ANE microscope. Laser heating leads to increase of the film temperature to Th underneath
the laser spot. In a wire structure with length L, VSE can be written as follows:

VSE ∝

∫ L

0
S ·∇T dy (A.1)

Where S is the Seebeck coefficient. If the wire is homogeneous with a Seebeck coefficient
of S0 (Figure A.2a), then the equation (A.1) simplifies as follow:

VSE ∝ S0 · (T1 −T3) = S0 · (T0 −T0) = 0

Thus, the nonmagnetic thermal voltage does not arise in a homogeneous film. Next, we
consider a film with nonuniform morphology. For the illustration purpose, we consider
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Appendix A. Scanning ANE microscope

a simpler case where the laser spot illuminates the junction of two different materials
having Seebeck coefficients S1 and S2 (Figure A.2b). Here the equation (A.1) gives,

VSE ∝ S1 · (T1 −T2)+S2 · (T2 −T3) = (S2 −S1)(Th −T0) (A.2)

Equation (A.1) indicates that in this case a nonzero thermal voltage arises. It is propor-
tional to laser heating-induced increment of the film temperature (Th − T0) and the dif-
ference in the Seebeck coefficients. We image a standard magnetic structure of a Landau
pattern in a CoFeB film. The film contains a dust particle so that the Seebeck coefficient
in the dust region is different from that in the rest of the film. We observe a nonmag-
netic signal in the region surrounding the dust (Figure A.2c). Across the dust particle, the
sign of the nonmagnetic signal changes due to sign change of S2 − S1. we note that the
magnitude of the nonmagnetic signal is higher relative to that of ANE signal in a typical
ferromagnet.

Figure A.2: (a) A laser beam illuminating a homogeneous film. (b) The laser beam illuminates a
junction of two materials having different Seebeck coefficients. (c) SANE imaging of the Landau
pattern in a CoFeB device containing of a dust particle at the position indicated by the dotted loop.
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A.3. Different Landau patterns imaged with the ANE microscope

A.3 Different Landau patterns imaged with the ANE microscope

Figure A.3: SANE microscope image of the different Landau pattern created in a 8µm×8µm slab
with a thickness of 45 nm. (a) A magnetic field of 50 mT is applied along the x-direction. The
imaging is subsequently performed after reducing the field to zero. (b) Same is repeated with an
initial applied field of −50 mT. (c) The measurements in (a) is repeated.

A.4 NF-SANE spot size of the heat gradient

We show that the result for the spot size of the heat gradient obtained by ANE line scan
is reproducible (Figure 6.3). The ANE line scan from a different set of the measurements
reveals the spot size to be 74 nm, which is close to 76 nm obtained in Figure 6.3.

Figure A.4: (a) ANE imaging of the vortex core shown in Figure 6.3(a). ANE line scan along the
dotted line shown in (a) (blue curve), the black line shows the fit to the error function. Right, green
axis shows the derivative of the fitted curve.
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A.5 Micromagnetic simulation

Figure A.5: Micromagnetic simulation for the device discussed in the Figure 6.6.
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Appendix B

Noncollinear antiferromagnet

B.1 Reduced coercivity with the current-induced resistive heating

In Chapter 8 we showed that a magnetic field of upto 1 T induces negligible switching
in Mn3Sn at the room temperature. However, heating the film to 125 °C reduces the co-
ercivity so that the same magnetic field can change the magnetic order. Here, we show
that this result can be utilized to switch the magnetic order with the help of 900 mT field
by passing a current pulse though the Mn3Sn wire structure. This is caused by the resis-
tive heating of the wire that reduces the coercivity. We start with a magnetic state with
the MOOP vector oriented along x̂ (Figure B.1a). Then we apply a current pulse in the
presence of −900 mT field. Subsequent ANE imaging reveals that this cause the MOOP
vectors to switch along -x̂ (Figure B.1b). Applying the current pulse in the presence of
900 mT field reorients the MOOP vector along x̂ (Figure B.1c).

Figure B.1: (a) Initial magnetic state of a Mn3Sn wire structure. The MOOP vector are switched
along x̂ by cooling the device in a 900 mT applied field. (b) ANE imaging of the wire structure
after applying a current pulse in the presence of −900 mT field. (c) Same as (b) but in the presence
of 900 mT field.
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Appendix B. Noncollinear antiferromagnet

B.2 Nonmagnetic signal in ANE scans of a NCAF

Here we show that the granular morphology of the Mn3Sn films (Figure 8.10) results in a
nonmagnetic thermal voltage signal in ANE measurements. We perform scanning ANE
scan in a c-axis oriented 60 nm thick film of Mn3Sn grown on a Al2O3 substrate. The
ANE imaging of the film after field cooling in ±900 mT field (Figure B.2a,b) indicates
that majority of the measured signal in this film is field-independent. This could be due
dominance of either Seebeck effect induced thermal voltage or pinned domains resulting
in a field-independent ANE signal. In order to get rid of such a field-independent ANE
signals, we perform ANE imaging above the ordering temperature 150 °C. This is done
by heating the film to 135 °C and increasing the laser power to 15 mW expected to further
increase the temperature by 50°. This estimate is based on 18 °C increment by a laser
beam with a power of 5 mW (Figure 5.3). In a disordered state, we observe nonzero signal
that correspond to Seebeck effect-induced thermal voltage (Figure B.2c). The magnitude
and the sign of this signal dependents on the gradient of the Seebeck coefficient, which, in
turns, depends on the morphology of the film. This results in a complex profile of a such
a signal. We intentionally focus a very high power laser beam to drastically change (by
burning) the morphology at a point. We clearly see a larger bipolar signal in the vicinity
of that point, similar to that in CoFeB film with a dust particle.

Figure B.2: (a,b) SANE scans in a Mn3Sn wire structure after cooling the film in a ±900 mT field,
respectively. (c) SANE imaging of the same device performed at an elevated temperature above
the order temperature of Mn3Sn. The dotted loop indicate the position of a point being burnt by
higher power focused laser beam.

B.3 Nanoscale domain imaging in a NCAF nanowire

Here, we show additional nanoscale domain imaging discussed in Figures 8.11, 8.12. The
measurements shown here were performed in a relatively wider (400 nm) nanowire. This
results in a relatively smaller ANE signal

(
VANE ∝

p
w

)
. NF-SANE imaging performed

after cooling the device in ±1.3 T field show that the MOOP can be switched back and
forth between x̂ and −x̂ (Figure B.3a-c). The measurements performed in a smaller step
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B.3. Nanoscale domain imaging in a NCAF nanowire

size (higher pixel density) shows that the measured signal arises only within the region
containing the Mn3Sn nanowire (Figure B.3d). Simultaneously measured AFM topogra-
phy scan shows the granular nature of the film morphology (Figure B.3e)

Figure B.3: (a-c) NF-SANE scan of a Mn3Sn nanowire performed in a step size of 50 nm. The
scans were performed after cooling the device in a magnetic field of ±1.3 T. (d) Higher pixel
density NF-SANE scan with a step size of 20 nm performed in the region shown by the dotted
square in (c). (d) AFM topographic scan performed simultaneously with NF-SANE scan shown
in (d).
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[20] Šmejkal, L., Mokrousov, Y., Yan, B., and MacDonald, A.H. Topological antiferro-
magnetic spintronics. Nature Physics 14(3), 242–251 (2018).

[21] Bonbien, V., Zhuo, F., Salimath, A., Ly, O., Abbout, A., and Manchon, A. Topo-
logical aspects of antiferromagnets. Journal of Physics D: Applied Physics 55(10),
103002 (2021).

[22] Chen, H., Liu, L., Zhou, X., Meng, Z., Wang, X., Duan, Z., Zhao, G., Yan, H., Qin,
P., and Liu, Z. Emerging Antiferromagnets for Spintronics. Advanced Materials
36(14), 2310379 (2024).

[23] Das, K. and Agarwal, A. Berry curvature induced thermopower in type-I and type-
II Weyl semimetals. Phys. Rev. B 100, 085406 (2019).

[24] Nayak, A.K., Fischer, J.E., Sun, Y., Yan, B., Karel, J., Komarek, A.C., Shekhar, C.,
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[29] Šmejkal, L., MacDonald, A.H., Sinova, J., Nakatsuji, S., and Jungwirth, T. Anoma-
lous Hall antiferromagnets. Nature Reviews Materials 7(6), 482–496 (2022).

[30] Ikhlas, M., Tomita, T., Koretsune, T., Suzuki, M.T., Nishio-Hamane, D., Arita, R.,
Otani, Y., and Nakatsuji, S. Large anomalous Nernst effect at room temperature in
a chiral antiferromagnet. Nature Physics 13(11), 1085–1090 (2017).

[31] Wuttke, C., Caglieris, F., Sykora, S., Scaravaggi, F., Wolter, A.U.B., Manna, K.,
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Nernst effect in Mn3NiN thin films. Phys. Rev. B 108, 024420 (2023).

[123] Kumar, C.S. Magnetic characterization techniques for nanomaterials. Springer
(2017).

[124] Phatak, C., Petford-Long, A., and De Graef, M. Recent advances in Lorentz mi-
croscopy. Current Opinion in Solid State and Materials Science 20(2), 107–114
(2016).

[125] Yu, X., DeGrave, J.P., Hara, Y., Hara, T., Jin, S., and Tokura, Y. Observation of
the magnetic skyrmion lattice in a MnSi nanowire by Lorentz TEM. Nano letters
13(8), 3755–3759 (2013).

[126] Kasap, S. Thermoelectric effects in metals: thermocouples. Canada: Department
of Electrical Engineering University of Saskatchewan pages 1–11 (2001).

[127] Sugimoto, S., Nakatani, Y., Yamane, Y., Ikhlas, M., Kondou, K., Kimata, M.,
Tomita, T., Nakatsuji, S., and Otani, Y. Electrical nucleation, displacement, and
detection of antiferromagnetic domain walls in the chiral antiferromagnet Mn3Sn.
Communications Physics 3(111) (2020).

[128] Brown, P.J., Nunez, V., Tasset, F., Forsyth, J.B., and Radhakrishna, P. Determi-
nation of the magnetic structure of Mn3Sn using generalized neutron polarization
analysis. Journal of Physics: Condensed Matter 2(47), 9409–9422 (1990).

[129] Grzybowski, M.J., Wadley, P., Edmonds, K.W., Beardsley, R., Hills, V., Campion,
R.P., Gallagher, B.L., Chauhan, J.S., Novak, V., Jungwirth, T., Maccherozzi, F., and
Dhesi, S.S. Imaging Current-Induced Switching of Antiferromagnetic Domains in
CuMnAs. Phys. Rev. Lett. 118, 057701 (2017).

[130] Bodnar, S.Y., Filianina, M., Bommanaboyena, S.P., Forrest, T., Maccherozzi, F.,
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